EAST yk eae Pea | 


For Reference 


atetceseel 


TeELESTLES 


NOT TO BE TAKEN FROM THIS ROOM 


Vereteveteate hci s 


Piaccted eet obabotrintkengel 


Elta he exec es Cheeeetat 


Gx wnnis 


UNINERSLIACIS 
AIBERCALASIS 


[om 
I 


SQ ES 


high Level 
BOOK BINDERY LTD. 


10372 - 60 Ave., Edmonton 


“THE HIGHEST LEVEL OF 
CRAFTSMANSHIP"’ 


BRUCE PEEL SPECIAL COLLECTIONS LIBRARY 
UNIVERSITY OF ALBERTA LIBRARY 


REQUEST FOR DUPLICATION 


I wish a photocopy of the thesis by 


Cn (20 V (author ) 


i ' ae aa ie eee at ee a ee aN : oe 
of bey CHO. en We aya m SCAMMERS VW 2ONV N ALO WAY 4 —— \ N, \ oan 


The copy is for the sole purpose of private scholarly or scientific study 
and research. I will not reproduce, sell or distribute the copy I request, 
and I will not copy any substantial part of it in my own work without per- 
mission of the copyright owner. I understand that the Library performs 
the service of copying at my request, and I assume all copyright responsi- 
bility for the item requested. 


Date Name and address Pages copied Signature 


POX\ZU SorvceG (oN2@ 


THE UNIVERSITY OF ALBERTA 
METAMORPHISM AND GOLD MINERALISATION OF ARCHAEAN 
META-SEDIMENTS NEAR YELLOWKNIFE, N.W.T., CANADA 


by 


(C) COLIN ROBERT RAMSAY 


A THESIS 
SUBMITTED TO WHE FACULTY OF GRADUATE STUDIES AND 
RESEARCH IN PARTIAL FULFILLMENT OF THE RECUIREMENTS 


POR DHm DEGREE EVO? DOCTOR OF PHHGOSOP HY 


DEPARTMENT OF GEOLOGY 


EDMONTON, ALBERTA 


Pia. Loe 3 


For wives, like Lyn, who suffer many 
of the tribulations of our science but 


reap few of its rewards. 


Digitized by the Internet Archive 
in 2023 with funding from 
University of Alberta Library 


https://archive.org/details/Ramsay 1973 


ABS PAG. 


Some 150 sq. kms. of Archaean meta-sediments east 
of Yellowknife Bay (N.W.T., Canada) have been mapped and sampled. 
Structural analysis at a reconnaissance level indicates that the area 
is structurally inhomogeneous and divisible into domains on the basis 
of structural style. Many of the structural features are best explained 
as results of intrusion and inflation of the granitic batholiths. An 
evolutionary model is suggested in which the area evolved from 
oceanic crust ina single tectonic cycle in which batholith emplace- 
ment was the principal causative factor. 

A broad metamorphic aureole approximating an 
Abukuma facies series surrounds the late, potassic Prosperous Lake 
pluton..npl-he biotite zone of this aureole is examined in detail using 
micro-probe analyses of 14 rocks, 59 sheet silicates, 10 oxides and 
numerous plagioclases. Silicate compositions were controlled by 
complex interaction of physical and chemical controls whose relative 
importance varied in different rock types and for different mineral 
groups. The analytical, modal and textural data indicate that biotite 


originated by the reaction 


Chlorite + Muscovite(1) + Ilmenite ——~> 
Biotite + Muscovite(2) + HyO+ ([Rutile, Quartz, 


K-feldspar] 


in which muscovite became depleted in K and (Fe+Mg+Mn) but gained 
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a little Ti. 
The cordierite isograd is discussed in some detail and 
analyses of 17 silicates and 12 oxides are given. The cordierite 


originated by the reaction 


Chlorite + Muscovite(1) + Quartz + Biotite(1) ——> 
Cordierite + Biotite(2) + H,O + [Ilmenite, Chlorite, 


Muscovite(2)] 


in which pre-existing biotite donated Si, Mg and K but no texturally 
distinct new biotite was formed. 

Garnet is commonly present in some areas close to 
the pluton and shows signs of instability in some rocks. Incipient 
sillimanite, corroded staurolite and Ca-poor amphiboles occur at the 
highest grades and andalusite is present sporadically. 

Metamorphism occurred in a single cycle involving the 
Aeveleatacns and decay of a thermal dome accompanied by continuous 
pressure decrease. An initial phase of this cycle (300° C. @ 3 kb. to 
700° C. @ 5 kb.) yielded the zonal succession chlorite -- biotite -- 
garnet -- staurolite which was immediately over-printed by the zonal 
. series biotite -- cordierite -- andalusite -- sillimanite (350° C. @ 
ee oikhie to 007 uC 50-35, Sika). 

Gold-quartz veins in this aureole have been examined 
via structural considerations and a fluid inclusion survey. They were 
deposited during the relaxation stage of deformation when dilatant 
structures permitted the passage of metamorphic fluid bearing gold, 
probably as sulphide complexes. This fluid was an immiscible mix- 


ture of a brine of moderate salinity and a CO -rich fluid. The initial 
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stages of vein formation occurred at about 250° C. but the gold was 


only precipitated by the later fluids at about 150° C. 
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PART I: INTRODUCTION 


The Prosperous Lake area is a portion of the typical 
Archaean greywacke-greenstone-granodiorite terrain which consti- 
tutes the Slave Craton. It is located near Yellowknife, N.W.T. 
(Fig. 1). The meta-sediments in this area have been studied with the 
principal objectives of elucidating their metamorphic evolution and 
relating their gold-quartz mineralisation to their metamorphic history. 

To these ends field-work was carried out in the sum- 
mers of 1970 (two weeks), 1971 (eight weeks) and 1972 (two weeks). 
During this tume the metamorphic aureole of the Prosperous Lake 
granite was systematically sampled, structural data were collected 
and the gold-bearing veins were examined and sampled. The struc- 
tural data are used to give some idea of tectonic history and the 
petrography of the Prosperous Lake aureole is described. The bio- 
tite zone and the cordierite isograd are considered in detail. The 
study concludes with consideration of the nature of the gold-quartz 


veins. 


THE NATURE,OF THESSLA VE_CRATON 

There is a plethora of recent reviews on the Slave Cra- 
ton and only the essence of pertinent facets will be given here. The 
reviews by Green and Baadsgaard (1971; representing the University 
of Alberta school of thought) and McGlynn and Henderson (1970 and 


1972; representing the Geological Survey of Canada school) are 
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perhaps the most important, but others include Stockwell et al. (1970), 


Hoffman and Henderson (1972), Green (1968) and Boyle (1961). 


Definition of the Slave Craton 

This region was originally defined as the ''Yellowknife 
Sub-province'!' on the basis of its 'rock types, major faults and min- 
eral occurrences" by Jolliffe (1948). The lavas overlain by greywacke 
and argillite, the characteristic metamorphism to cordierite-bearing 
nodular rocks and the granitic intrusions were considered litholog- 
ically characteristic. The major faults trend north-west to north, 
are left-lateral and generally lack quartz breccias and stockworks. 
Gold-quartz veins are very numerous and pegmatites associated with 
the younger granites; characteristically contain Ta, li, Be or Sn. 

Jolliffe's definition has been entirely substantiated by 
more recent work (mainly extended map coverage and radiometric 
dating) but the region is now called the Slave Structural Province in 
Geological Survey literature. Since the region conforms entirely to 
the definition of a craton (Anhaeusser et al., 1969) it is herein called 
the Slave Craton. It is areally defined by the features summarised 


below. 


Lithology 


The craton consists predominantly of the greywacke- 
greenstone-granodiorite trinity so typical of the Archaean cratons. 
Figure 2 shows the distribution of these lithologies, to which should 
be added migmatites, pegmatites, acid and basic dykes, alkaline plu- 
tons and ultrabasic rocks in smaller amounts. 


The basement problem. There have been several 
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FIGURE 2 : Simplified geology of the Slave Craton (after McGlynn 


and Henderson, 1972). The arrow indicates the approximate 


area of Fig. 4. 
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reports of rocks which might constitute basement to the Kenoran 
supracrustal sequence (Baragar, 1966; Heywood and Davidson, 1969; 
Stockwell, 1933). These rocks generally exhibit structural or strati-~ 
graphic relations suggesting that they comprise pre-Kenoran base- 
ment but are of very limited extent and, where radiometrically dated, 
have yielded Kenoran ages (Wanless and Loveridge, 1972). The 
presence of granitic cobbles in conglomerates overlying the green- 
stones has frequently been cited as evidence for the existence of pre- 
Kenoran continental basement, but these cobbles have also yielded 
Kenoran ages (Green and Baadsgaard, 1971). In view of these radio- 
metric ages and the apparently uncontaminated mantle origin of the 
major plutons (Green and Baadsgaard, op. cit.) the evidence for pre- 
Kenoran basement is inconclusive. 

The greenstones. The oldest exposed rocks are 
therefore probably the greenstones, dated as 2650 m.y. by Green and 
Baadsgaard. These typically occur in narrow belts between the major 
plutons and the overlying meta-sediments (Fig. 2) and comprise 
thicknesses up to 9000 m. or about 15 per cent of the area (McGlynn 
and Henderson, 1972) -- rather less than is typical for cratons. 
These rocks are metamorphosed submarine lavas of basaltic to 
andesitic composition with minor acidic and pyroclastic material. 
There are typically numerous dykes of about the same age as the 
flows (Henderson and Brown, 1966). The greenstones probably dip 
monoclinally basinwards under the meta-sediments. 

Conglomerates and sandstones. Overlying the green- 
stones there is commonly a discontinuous conglomerate horizon of 


local provenance consisting of fragments of volcanic rocks, 
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greywacke, shale, quartz and chert (Henderson, 1970). Granitic 
boulders (quartz diorite, according to Green and Baadsgaard) occur 
locally. These rocks indicate an erosional period of short duration 
and in some places are overlain by sediments indicative of shallow 
water deposition. 

The meta-sediments. Great thicknesses of metamor- 
phosed greywackes and mudstones fill the basins in the craton (Fig. 2). 
These have been shown by Henderson (1972) to be turbidites which 
flowed off topographic highs located roughly where the granodiorite 
batholiths now outcrop. These meta-sediments are the main topic of 
this thesis. 

The granitic rocks. It has long been recognised that 
granitic batholiths of two general ages are present. Henderson (1943) 
recorded ''an older granodiorite and quartz diorite which is cut by a 
younger granite'' and representatives of these categories have been 
dated by Green and Baadsgaard as 2590-2610 m.y. and 2575 m.y., 
respectively. In addition there are the gneisses and migmatites 
shown in Fig. 2 and thought by McGlynn and Henderson to be derived 
from sedimentary strata. These three types of granitic rock conform 
to the Categories;typical of cratons (Anhacugeer etjal.. 1969) ive. : 
(1) A complex array of migmatites and banded gneisses with more 
homogeneous granitic phases. (2) Circular or elliptical diapiric 
granodiorite bodies which may be gradational with the gneisses and 
migmatites and are thought by Anhaeusser et al. to have been em- 
placed by ''slow upwelling and forceful emplacement of discrete and 
largely plastic granitic masses.'' (3) Potash-rich, coarse-grained 


granites which intrude and cross-cut all earlier structures. Yhere 
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are, in the Slave Craton, areas whene detailed mapping has revealed 
rather more complexity than implied by this simple model (e.g. David- 
son, 1972; Heywood and Davidson, 1969) but in general it seems 
applicable. 

Other intrusive tocks. All the supracrustal rocks 
have been intruded by numerous quartz veins and there are many 
diabase dykes and sills in discrete sets dated at 2300-2400 m.y., 
2000-2100 my, 1400-1500 m.y....1200.m.y. and 600-700 my. 
(McGlynn and Henderson, 1972). Pegmatites are commonly associ- 
ated with the late potassic piutons and in some areas constitute a con- 
siderable proportion of the exposure. They have been studied by 
Jolliffe (1944), Rowe (1952), Hutchinson (1955) and Kretz (1968 and 
1970). In addition to these common intrusions there are a few ultra- 
basic rocks and alkaline intrusive complexes. The locations and 


references to these are given by McGlynn and Henderson (1972). 


Structure 

Perhaps less is known of the structure than of any other 
geological facet of the Slave Craton and, although the faults and shear 
zones are well mapped, the ubiquitous fold structures are not. The 
esl model is one of unfolded greenstones dipping monoclinally 
under the sedimentary basins and containing no known mescscopic 
folds while the sediments in the basins are intensely and complexly 
folded. barly work le. co... Riley, 1938. Henderson ane, Jollifie, 1939; 
Henderson, 1943; Jolliffe, 1942 and 1946; Campbell, 1947) indicated 
that the sediments had first been isoclinally folded on gently plunging 


axes and then deformed on 'cross-folds'. The orientation of the 
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structures varies in such a fashion that both Henderson and Campbell 
believed the granitic plutons to have been the main deforming agents. 
More recent and detailed work has either been confined to margins of 
the craton which have been involved in Hudsonian events (e.g. Ross, 
1966) or has considered mainly the structures of the greenstone belts 
(e.g. Henderson and Brown, 1966). The last known deformational 
event involved dissection by numerous faults and diabases (e.g. Wil- 
son, 1941). 

Structurally, therefore, the craton is poorly under- 
stood but appears to be entirely typical of such terrains (Anhaeusser 
eb ae, 1968; Anhaeusser etal. 1969). It should be emphasised that 
most of the structures in such areas are best ascribed to vertical 
tectonic movements and the influence of plutonic emplacement rather 


than to regional compressive forces. 


Metamorphism 

Anhaeusser et al. (1969, p. 2189) have described the 
typical metamorphism of the cratons as follows. ''There is an intimate 
relationship between metamorphism and deformation, and the sequence 
is usually of two or more periods of mineral development and deform - 
ation, followed by widespread post-tectonic recrystallisation and late- 
stage retrogression . .'' Although imperfectly understood, the 
metamorphic history of the Slave Craton conforms closely to this 
scheme. Previous petrological work (e.g. Denton, 1940; Folinsbee, 
1940, 1941, 1942; Henderson, 1943) showed that all supracrustal rocks 


in the area have been metamorphosed to at least the lower gzreenschist 


facies and many belong to higher grades, primarily in aureoles round 
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plutons. Broad aureoles of porphyroblastic rocks surround the late 
potassic granites (Henderson and Jolliffe, 1941; Fortier, 1946). Den- 
ton, Folinsbee and Henderson all agreed that the metamorphic history 
of the area involved (1) a phase of regional metamorphism under mod- 
erate confining pressure with (2) superimposed aureoles of a more 
static, thermal nature. In addition, Folinsbee suggested (3) a late 
phase of hydrothermal retrogression. This general model has been 
substantiated by allmoré:récent work (e.g. "Tremblay -'1'952;""Boyle, 
1961; Ross, 1966; Davidson, 1967; Kretz, 1968; Heywood and David- 
son, 1969) but the rocks formed in the two main phases cannot readily 
be distinguished. 

Very little is known of the metamorphic zonation round 
the syn-tectonic granodiorites, but according to Folinsbee (1942) 
these aureoles are characterised by the zonation chlorite-biotite- 
andalusite-staurolite-garnet in meta-sediments. Boyle (1961) mapped 
greenschist, epidote amphibolite and amphibolite facies in meta- 
volcanic rocks near the Western Granodiorite. 

In contrast, several studies have been made on the 
extensive thermal aureoles surrounding the late potassic granites 
which are characterized by abundance of cordierite in meta-sediments 
(Davidson, 1967; Kretz, 1968; Heywood and Davidson, 1969; Kamineni 
and Wong, 1973). The metamorphic progression in meta-sediments 
in these aureoles is rather consistent. At lowest grades the chlorite- 
muscovite schists of regional extent are not always to be seen but give 
way to large areas of biotite zone rocks. This biotite zone is termin- 
ated abruptly by the cordierite isograd, above which cordierite is 


abundant in a large proportion of the rocks. Andalusite occurs 
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sporadically in this zone. Garnet is sometimes present and cumming- 
tonite is a characteristic phase in some rock compositions. Silliman- 
ite occurs at the highest grades, which are not achieved in all aureoles. 
Little is known of the metamorphic zonation in meta-basic rocks in 
these aureoles (but see Heywood and Davidson, 1969). 

The generalised metamorphic history evolving from 
the early studies and all work since (including the present study) is 
therefore of a moderate-pressure ubiquitous metamorphism which 
merges into superimposed aureoles round plutons. This sequence is 
thought not to have occurred in discrete events (as suggested by Fol- 
insbee, 1942) but by a gradual change in thermal conditions with heat 
flow increasingly dominated by the plutons as pressure decreased. 


Such a model was first suggested by Denton (1940). 


Economic Mineralisation 

The Slave Craton lacks the ultrabasic rocks so produc- 
tive in other cratons (e.g. Rhodesia, Western Australia) and its econ- 
omic geology is therefore dominated entirely by gold. There is, in 
addition, a wide variety of economic minerals of the quartz vein and 
pegmatite associations, notably spodumene in pegmatites. Reviews of 
rhe economic geology of the craton have been given by Jolliffe (1944), 
Lord (1951), Rowe (1952) and Lang et al.r(1970Q): 

There is abundant literature on the gold deposits, dating 
from the first review by Jolliffe in 1937 to the detailed geochemical 
study of Boyle (1961). This last source gives a review and a compre- 
hensive list of references. Gold-quartz veins occur in both the meta- 


volcanic and meta-sedimentary rocks though the only operating mines 
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The gold-bearing veins are in all cases struc- 


turally controlled. Those in the meta-volcanic rocks occur in shear 


zones; those in meta-sediments are variably controlled, most com- 


monly being "introduced along zones of structural weakness which, in 


most places, are clearly dependent on folding. 


iffe, 1939, p. 324). 


ikem Hendersoncand Joll- 


THE YELLOWKNIFE AREA AS A SAMPLE OF THE SLAVE CRATON 


Because of its ready accessibility, the area round Yell- 


owknife is becoming the type area for the Slave Craton and numerous 


detailed studies have been made there. The following table lists the 


definitive work on each of the main topics and a brief synopsis will 


then be given. 


Liopic 
Maps 
Geochronology- 
Stratigraphy 
Sedimentology 
Meta-volcanic rocks 
Plutons 
Structure 
Metamorphism 


Pegmatites 


Gold mineralisation 


Author 


Jolliffe (1942, 1946) 

Green and Baadsgaard (1971) 

Henderson (1970) 

Henderson (1972) 

Baragar (1966); Henderson and 
Brown (1966) 

Boyle (1961); Green and Baads- 
gaard’ (1971); 1 No detailed study. 

Campbell (1947); Henderson and 
Brown (1966). No detailed study. 

Boyle (1961); Kretz (1968); Fol- 
insbee (1942). 

Jolliffe (1944); Hutchinson (1955); 
Kretz (1968, 1970) 

Boyle (1961), Coleman (1957) 


The general geology of the area is shown in Fig. 4. The 


supracrustal rocks comprise the normal upward succession (Fig. 3) 


from volcanic rocks, through shallow-water sediments to deep-water 


turbidites. Of the basal volcanic rocks the Duck Fm. (flows of 
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intermediate composition) has not been studied in detail, but the Kam 
Fm. is well known. It consists of about 9000 m. of pillowed basaltic 

to andesitic flows with minor tuff, agglomerate and breccia and very 
numerous penecontemporaneous gabbro dykes and sills. These are 
now amphibole and chlorite schists with marked metamorphic zonation 
round the Western Granodiorite (Boyle, 1961). The lavas were thought 
by Green and Baadsgaard (1971) to have been extruded, without contam- 
ination, onto thin oceanic crust. 

The Kam Fm. is unconformably overlain by conglomer- 
ates and sandstones of the Jackson Lake Fm., but the rest of the suc- 
cession on the West side of Yellowknife Bay is not visible as a conse- 
quence of faulting and alluvial or water cover. On the East side the 
Duck Fm. is conformably overlain by the Burwash Fm. This forma- 
tion is a thick sequence ( 4500 m.) of graded and interbedded grey- 
wackes and mudstones deposited by turbidity currents derived from 
the West (Henderson, L972): 

The Burwash Fm. is conformably overlain by the Bant- 
ing Fm. which is composed of mixed volcanic rocks. It is overlain in 
turn by the turbidites of the Walsh Fm. which resemble the Burwash 
Fm. rocks but are more fine-grained, more thinly-bedded and contain 
a higher proportion of siltstone. 

The structural history of the Yellowknife area is not 
well understood. The meta-volcanic rocks and the shallow-water sedi- 
ments appear unfolded (except perhaps on a very large scale) while the 
turbidites of the Walsh and Burwash Fms. have been thrown into num- 
erous folds, basins and domes on a mesoscopic scale. All rocks have 


been extensively dissected by major faults, most of which strike 
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N.N.W. and some of which carry diabase dykes. 

The supracrustal rocks have been intruded by three 
major granitic plutons which typify plutons elsewhere in the craton and 
also have typical metamorphic aureoles. The South-Eastern Grano- 
diorite was, according to Green and Baadsgaard, emplaced at the onset 
of the Kenoran orogeny (2620-2640 m.y. ago). It is a biotite grano- 
diorite (in part quartz diorite) with a lobate outline and sub-concordant 
contacts suggestive of diapiric emplacement. It has a narrow meta- 
morphic aureole (Jolliffe, 1942; Folinsbee, 1942). The Western 
Granodiorite is amore massive, homogeneous pluton of quartz diorite 
to adamellite composition. It shows definite cross-cutting relation- 
ships to the country rocks and has a marked metamorphic aureole 
extending approximately to the west shore of Yellowknife Bay. 
According to Green and Baadsgaard the Western Granodiorite was 
emplaced slightly later than the South-Eastern Granodiorite (2595- 
2610 m.y.), but this has been disputed by Thorpe (1971) who recalcu- 
lated Green's (1968) data to derive ages of 2610 m.y. for the South- 
Eastern pluton and 2699 m.y. for the Western. (The author's opinion 
of this problem is given below.) There is, however, no doubt that the 
Prospe rous Lake intrusion is the youngest major pluton in the area 
(2572 m.y.). It is a biotite-muscovite adamellite containing, and sur- 
rounded by, numerous pegmatites. It has cross-cutting relationships 
and sharp intrusive contacts with the country rocks and has a very 
broad metamorphic aureole approximating an Abukuma facies series. 
The pluton and its aureole typify the late potassic granites which out- 
crop throughout the craton. 


Hence the Yellowknife area is not only readily 
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accessible, but has had much of its geology unravelled and also con- 
stitutes a good sample of the lithologies and structures of the Slave 


Craton: 
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As noted above, there has been no detailed analysis of 
folding history in the Prosperous Lake meta-sediments, though the 
overall style may be inferred from studies elsewhere in the craton 
(Riley, 1938; Henderson and Jolliffe, 1939; Henderson, 1943; Fortier, 
1946; Tremblay, 1952; Ross and McGlynn, 1965; Ross, 1966; Heywood 
-and Davidson, 1969; Henderson et al. 1972). These have unanimously 
concluded that the general history is of sub-horizontal isoclinal folds, 
later deformed by ''cross-folds"’. While the latter are readily appar- 
ent, the early isoclines usually can only be deduced from the alterna- 
tion of way-up criteria in traverses across strike. They have also 
been revealed by detailed stereographic analysis (Ross and McGlynn, 
1965) and oe studies (Fyson, pers. comm., 1973). Isoclinal fold 
crests are reported to be rare and this is usually ascribed to shearing 
and rupturing in the hinge zones. Several problems therefore emerge: 

1. Evidence for this two-phase deformation is rarely 
observed in the field in the Prosperous Lake area. 
Are the early isoclines present? 

2. What is the nature of the cross-folding? 

3. Existing maps of the Prosperous Lake area (Jolliffe, 
1942 and 1946) suggest that structural style (e.g. 
fold orientation) varies within this restricted area. 
Is this so and what is the reason for it? 


4, What are the temporal relations between metamorphism, 
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intrusion and folding? 

5. Previous work in this craton (above) and others 
(Goodwin, 1972; Anhaeusser et al., 1969) suggests 
that there is commonly a causative relationship 
between intrusion and deformation in cratons. Is 


this so in the Prosperous Lake area? 


PREVIOUS WORK 

Jolliffe (1942 and 1946) suggested that the meta-sedi- 
ments occur in an asymmetrical, north-easterly plunging syncline 
cee axis strikes up Yellowknife Bay (Fig. 4) and that the south- 
eastern limb comprised the large area of complexly cross-folded 
sediments of the Prosperous Lake area. This syncline (the Yellow- 
knife Bay Syncline) was modified by the presence of a minor anticline 
(the Duck Lake Anticline; see Fig. 4) on the south-eastern limb and 
by numerous cross-folds. Jolliffe held that the north-easterly syn- 
cline was related to emplacement of the Western Granodiorite and(or) 
the South-Eastern Granodiorite, while cross-folding was related to the 
emplacement of the Prosperous Lake granite. Similar views have been 
propagated by Campbell (1947) and Henderson (1971 and pers. comm., 
1L9'%2)2 

Evidence for the existence of the Yellowknife Bay Syn- 
cline is substantial and includes the occurrence of the Banting Fm. on 
both limbs near Walsh Lake and way-up criteria in the same area 
(Henderson, pers. comm., 1972). However, to consider this the prin- 
cipal structural element of the area, as both Jolliffe and Campbell did, 


involves several major assurmptions: (1) That there is a lateral facies 
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variation from meta-volcanics and conglomeratic sandstones on the 
north-western limb to turbidites on the south-eastern; (2) That fault- 
ing parallel to the syncline axis has negligible influence on this inter- 
pretation though it is probably of regional extent (Henderson and Brown, 
1966) and (3) That way-up determinations in the Burwash Fm. are 
representative of the major structure despite the later deformation. 
The present author has no new evidence but suggests that the Yellow- 
knife Bay Syncline may be a smaller structure than previously 
suggested, perhaps being simply a peripheral syncline of the Western 
Granodiorite. 

The existence of Duck Lake Anticline is less certain. 
It is suggested by way-up and dip determinations on Horseshoe Island 
(Jolliffe, 1942; Henderson, pers. comm., 1972) but its north-easterly 
extension into the Duck Lake area is dubious. The structure there is 
very complex (see below) and not readily interpreted in terms of a 
simple anticline. These doubts were apparently shared by Fortier 
(1946) who showed the fold axis in this area as striking north-westerly, 
a more reasonable explanation in view of the outcrop configuration of 


the Duck Fm. (Fig. 4). 


SCOPE,OBRsTHE-PRESENT STUDY 

This structural analysis was carried out on a recon- 
naissance level to form a basis for the petrological study. It is ancill- 
ary to the petrological work and field coverage was less detailed than 
is usual in a structural study. 

Aerial photograph interpretation and published maps 


supply abundant information on bedding orientation, including way-up 
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determinations. Field-work was therefore designed primarily to 
collect data on minor structures and cleavages. Overall traverse 
density is about 0.8 km. per square km. of mapped area. Details of 
mapping and data-processing methods are given in the Appendix below 


and the raw data is compiled on the appended map. 


Structural Domains 
The area has been found to be structurally inhomogen- 

eous and has been divided into five 'structural domains' whose areal 
extents are shown in Fig. 4. These domains are defined and delimited 
on the basis of the following criteria: 

1. Fold orientation. 

2. Fold style. 

3. Orientation and nature of cleavage. 


4, Presence of aplite dykes. 


HAY LAKE DOMAIN 
This large domain has been faulted (Fig. 4) but is 
otherwise not fault-bounded, grading into other domains at all known 


margins. The rocks belong almost entirely to the Burwash Fm. 


The Obvious Folds 

The domain contains numerous mesoscopic and macro- 
scopic folds (Plate 1A; Jolliffe, 1942 and 1946) whose axial traces 
strike almost exclusively to the north- west (Fig. 5A). Figure 5B 
indicates that the axes plunge southwards. (The computed mean 
fold axis for this distribution plunges 57° on 187°, but the scatter is 


considerable and only a general conclusion should be drawn. ) 
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FIGURE 5 : Orientation of structures in the HAY LAKE STRUCTURAL DOMAIN. (A) Major and minor 


fold axial trace orientations; seven minor folds and 31 major folds are plotted. 
(B) Poles to bedding; percentage of 199 points per 1% area. (C) Poles to cleavages; 


percentage of 127 points per 1% area. (D) Axes of the micro-folds shown in Fig. 63 the 
p p 


numbers apply to Fig. 6. 
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Combining this plunge with the axial trace indicated by Fig. 5A shows 
that the axial surface dips steeply (~65°) to the south-west. Chevron- 
shaped folds are characteristic of the western part of the domain, 
usually being tight folds with about 45° between limb outcrops and 
having closely-spaced parallel axial planes. In the south-western 
(Cliff Lake) portion of the domain, the folds tend to be more open, 
more rounded and more widely spaced. The Cinnamon Island fault 
separates the western portion from the eastern in which chevron folds 
are uncommon. Here the strata tend to be very openly folded and in 
some areas appear unfolded, while still retaining the axial planar and 


cleavage orientations characteristic of the domain. 


Cleavage 

Cleavage in the domain is a weak schistosity defined by 
lepidoblastic orientation of micaceous minerals. Cordierite porphyro- 
blasts are commonly slightly flattened in the plane of cleavage (Plate 
1D) though the degree of flatness varies even at one locality. Figure 
5C shows that the cleavage orientation deviates little from its mean 
north-westerly strike and steep south-westerly dip. (The computed 
mean dip is 84° on 244°.) This strike is parallel to that of the fold 
axial planes. The dip is not exactly the same as that of the axial 
planes but, considering the uncertainties of measuring weak cleavages 
on glaciated outcrops, it may be assumed that the cleavage is axial 
planar to the folds. This is also observable in the field (e.g. Plate 
LG). 

Time of deformation. The axial planar cleavage of the 


dominant folds is defined by alignment of micas and flattened cordierite 
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PLATE 1 


Structures in the Hay Lake, Yellowknife Bridge and Island Lake 

domains. 

A. Closure of a typical Hay Lake domain fold near the southern shore 
of Prosperous Lake. 

B. Micro-folds in a thin quartzite bed near the south-western shore 
of Prosperous Lake (Hay Lake domain). 

C. Detail of the fold in A (above) showing weak axial planar alignment 
of cordierite porphyroblasts. 

D. Cordierite porphyroblasts with weakly preferred orientation on 
the south- eastern shore of Prosperous Lake (Hay Lake domain). 

E. Example of small, sub-vertical folds in the Duck Pim: north- east 
of the Yellowknife River bridge (Yellowknife Bridge domain). 

F. Example of cleavage(B) passing through cordierite porphyroblasts 
in the Island Lake domain near Island Lake. Note thatthe porpay= 
roblasts have a preferred orientation parallel to cleavage(B). 

G. Weakly developed cleavage(B) at a high angle to aligned cordierites 
representing the common schistosity. Near Island Lake in the 
Island Lake domain. 

H. Strongly developed cleavage(B) in one bed but absent from the 


adjacent bed. Near Island Lake in the Island Lake domain. 
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PLATE 1 


porphyroblasts (Plate 1D). The areal distribution of cordierite clearly 
relates its formation to intrusion of the Prosperous Lake granite. 
Therefore the deformation, metamorphism and intrusion were syn- 
chronous and hence probably causally related. Similar conclusions 


were reached by Fortier (1946). 


The Early Isocline Problem 

Only one isoclinal fold has been observed in the Hay 
Lake domain (on a small outcrop north-west of Cliff Lake) and the 
domain is devoid of interference structures on both macroscopic and 
mesoscopic scales. There is, therefore, little direct evidence for the 
existence of the early isoclinal folding phase so common elsewhere. 
The numerous (>4000) way-up determinations recorded by Jolliffe 
(1942 and 1946) do not solve this problem either. Ina few areas, 

e.g. between Madeline and Prosperous Lakes, there is evidence that 
a traverse across strike yields alternating right-way-up and inverted 
sections, but this does not apply to the whole domain. 

Numerous micro-folds (Plate 1B) occur in the Hay Lake 
domain, both in thin quartzite beds and in quartz veinlets. The latter 
have been ignored because their initial orientation is unknown but the 
axes (cften rodded) of the former have marked preferred orientation 


(Fig. 5D). Three problems arise from this. (1) On a’simplemodel 


of cylindrical folding, this girdle implies re-folding on a sub-horizontal 


axis trending north-east. No evidence for such an event has been 
observed anywhere inthe domain. (2) The girdle is parallel to the 
axial plane of the folds in the domain and the micro-folds are not 


parallel to the average fold axis for the domain. This may indicate 
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that folding was non-cylindrical (Turner and Weiss, 1963) but it is 
uncertain whether this.is a result of superimposed folds or a single 
folding event. (3) The micro-folds from restricted areas plot in clus- 
ters on the stereogram and there is some indication that these areas 
are fault-bounded (Fig. 6). This possibly implies a rotational com- 
ponent in the late faulting, but it seems improbable in view of the 
known nature and extent of the faults which preclude more than very 
minor rotation. Thus the micro-folds are of undetermined origin. 
There are several possible explanations for their observed distribu- 
tion but re-folding is not necessarily implied. 

Fabric. Rocks from the western portions of the domain, 
at low metamorphic grades, have a very fine-grained lepidoblastic or 
phyllitic foliation defined by muscovite and chlorite. Biotite porphyro- 
blasts cut across this (Plate 3B) or, in a few instances, are parallel 
to it. Towards the east in the domain the schistosity is increasingly 
defined by biotite and cordierite as the chlorite and muscovite are 
metamorphically consumed. These textural relations suggest that an 
early episode of recrystallisation (the early isocline formation?) was 
succeeded by another (metamorphism by the Prosperous Lake pluton) 
which imposed a new schistosity on the old. 

Conclusion. The data at hand fail to prove or disprove 
the existence of early isoclines in this domain. The fabric relations 
are compatible with their presence and the variable orientation of the 
micro-fold axes suggests some deformation since micro-fold forma- 
tion. However, the spatial distribution of the micro-folds indicates 
that such re-orientation did not occur during formation of the 'obvious' 


folds. Further, isoclinal closures are extremely rare and 
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interference structures are absent. This author concludes tentatively 


that there was no early.isoclinal folding in the Hay Lake domain, but 


more detailed work is required to clarify the problem. 


Some Deviations 


Although the overall pattern of cleavage orientation in 


the domain is simple (above) several localised deviations from it have 


been noted: 


La 


In general terms the strike of cleavage becomes more 
meridional from the east to the west within the domain 
(ca, 315° near Prosperous Lake; ca..345° near 
Yellowknife Bay). The reason is not known, but this 

is the cause of much of the circumferential scatter 

in Figg dG; 

West of the Hay-Duck fault, and particularly in the nor- 
thern half of that area, a subordinate N.N.E.'ly cleav- 
age is common. Typically a large fold has axial planar 
cleavage typical of the Hay Lake domain in most of its 
outcrop but in some areas has a cleavage striking 
N.N.E. This is usually seen in pelitic beds and is 
parallel to the cleavage in the Yellowknife Bridge 
domain (below). It is thought to represent relics of that 
cleavage incompletely overprinted by the later schistosity. 
Cleavage is draped round irregular quartz veins at 
many localities. 

Between Hay Lake, Cinnamon Island and the Ptarmigan 


Mine pelitic rocks are strongly lineated and commonly 
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have two fissility planes. Though somewhat variable, 
these strike.355-005° and 320-335°, both dipping 
steeply east. They may be due to the same effect as 
in 2. above, but no detailed study of their origin has 
been attempted. 

The lineation comprises fine crinkles or striae on 
cleavage planes, plunging 5-40° on 340°, and cannot be due to the 
intersection of the two fissilities. Thin-sections perpendicular to the 
lineation reveal marked kinking of the schistosity and kinks are com- 
monly observed in the field. The lineation therefore probably repre- 


sents the intersection of kink planes and cleavage. 


Nature of the Hay Lake Domain 

Glossing over these complexities, the structure of the 
domain appears fairly simple. There was apparently an early phase of 
recrystallisation (perhaps accompanied by isoclinal folding) to produce 
a chlorite-muscovite (-?biotite) schistosity. These rocks were 
deformed into numerous folds with axial planar cleavage striking north- 
west and dipping steeply south. The early cleavage was increasingly 
overprinted by the metamorphic recrystallisation accompanying the 
deformation so that relics may be seen in the low-grade rocks in the 
west but not in the east. The north-westerly foiding phase was syn- 
chronous with intrusion of the Prosperous Lake pluton and its attendant 


metamorphism. 


THE YELLOWKNIFE BRIDGE DOMAIN 


The mapped area of this domain is small but it may 


extend to the S.S.W. and N.N.E. (see Fig. 41). The rocks belong to 
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the Burwash Fm. and the Walsh Fm., whose thin-bedded, incompetent 


nature has produced a characteristic fold style (Plate 1E). 


Folds 


There are numerous mesoscopic and macroscopic folds, 


most of which have very steep plunges and axial traces striking N.N.E. 


(Plate IlE; Figg, 7A). Gentle warps inthe bedding are common, butija 
typical fold in the Walsh Fm. ranges from 3 to 30m. in wavelength 
and amplitude, has about 60-80° between limb outcrops and plunges 
very steeply southwards. In the more massive rocks of the Burwash 
Fm. the folds are less common, rather larger and more open but have 
the same orientation. A few folds have been observed to have axial 
traces striking north-west, the characteristic orientation for the Hay 


Lake domain: 


Cleavage 

Cleavage is defined by phyllitic orientation of very fine- 
grained muscovite and chlorite. The relationship of biotite to this 
foliation is unknown. In outcrop the cleavage is seen to be axial planar 
to many folds (though its strike varies by up to 20° at any one locality), 
and this is confirmed by Fig. 7B. There is considerable circumferen- 
tial spread in this stereogram, overlapping with Hay Lake domain 
cleavage orientations. 

In addition to this axial planar cleavage there is some- 
times a weak fissility parallel to bedding, particularly in Walsh Fm. 
slates. This was at first thought to represent an early schistosity, 
but thin-sections show no sign of metamorphic foliation parallel to this 


fissility and no evidence to support the idea has been found. Probably 
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FIGURE 7 : Orientation of structures in the YELLOWKNIFE BRIDGE and DUCK LAKE STRUCTURAL 


DOMAINS. (A) Minor fold axes in the Yellowknife Bridge domain; percentage of 27 

points per 1% area. (B) Poles to cleavages in the Yellowknife Bridge domain; percent- 

age of 49 points per 1% area. (C) Axial traces of 14 major and minor folds in the Duck 
Lake domain. (D) Poles to rational cleavages (see text) in the Duck Lake domain; per- 


centage of 53 points per 1% area, 
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it is simply due to sedimentary lamination. 

In the more massive Burwash Fm. rocks the cleavage 
is weaker and commonly refracted in graded beds, which confuses 
the measurement of cleavage orientation. Diamond-shaped pencils 
occur in some slatey beds, testifying to the presence of two fissility 
planes. One of these is always parallel to bedding and is therefore 
thought to be of primary origin; the other is most commonly the dom- 
inant N.N.E.'ly cleavage, occasionally the north-westerly Hay Lake 


airection. 


Nature of the Yellowknife Bridge Domain 

The domain is bounded in the east by a fault but is 
thought to merge southwards into the adjacent domain. It is also 
thought to extend westwards beyond the Yellowknife River. The struc- 
ture is dominated by N.N.E.'ly trends. No signs of poly-phase defor- 
mation have been observed though the folds plunge very steeply. The 
occasional occurrence of folds and cleavages with the north-westerly 
Hay Lake trend may indicate weak effects of the Hay Lake deformation 
within the domain. Because of this, and because the mineralogy of 
the Yellowknife Bridge rocks is paragenetically earlier than that 
associated with Hay Lake domain structures, the Yellowknife Bridge 
structures are thought to be earlier than the Hay Lake structures. 
There is no definite genetic connection between the Yellowknife Bridge 
structures and the Western Granodiorite but the domain is geograph- 
ically adjacent to the pluton and its structures are roughly parallel to 
the contacts. As such the deformation may have been caused by 


inflation of the pluton (e.g. Clifford, 1972). 
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THE DUCK LAKE DOMAIN 

This domain is markedly different from the others, 
containing highly complex structures and distinctive lithologies. It 
has only been defined east of the Hay-Duck fault but presumably 


there is an equivalent to the west (Fig. 4). 


The folds are isoclinal. Several large isoclines anda 
few minor ones have been found (Plate 2A and map). Axial planes of 
these folds strike east to north-east (Fig. 7C) and the axes plunge 
gently (20 to 45°), in some instances to the east, in others to the west. 
Axial planes and beds dip steeply (65 to 80°) southwards, towards the 
pluton. Only at two locations, very close to the pluton contact, was 


bedding observed to dip away from the contact. 


Cleavage 


The nature of the cleavage is very complex and largely 


unresolved. Its character varies from location to location. Commonly 


two distinct schistosities are present, one being irregular as though 
deformed (Plate 2B and C). The latter cleavages have not been meas- 
ured but the coherent, rational cleavage of the dominant orientation 
dips steeply to the south (Fig. 7D) and is axial planar to the isoclinal 
folds. If this stereogram is taken to represent the simplified pattern 
of cleavage, two principal deviations from it may be recognized: 
1. North of Duck Lake the cleavage in meta-greywackes 
is weak and rational. Meta-pelites, however, com- 
monly contain irregular cleavage, though coherent 


folds in this cleavage are rare. Some of this 
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Structures in the Duck Lake domain. 


pap 


OQ 


Se 


Minor isoclinal fold on the north shore of Duck Lake. The fold 
has a sub-horizontal axis and steeply dipping limbs. 


Small folds in schistosity east of Duck Lake. Photograph taken 
looking down the axes of the folds, whose crests form a strong 
lineation parallel to the axis of a’major isocline. 


Complex (deformed?) schistosity at the closure of a major iso- 
cline east of Duck Lake. Representative schistosity planes are 
marked in black, (Seemtext ior’ discuacron: 


Typical aplite dykes transecting bedding in the Duck Lake area. 


Typical outcrop appearance of the aplite dykes in the Duck Lake 
domain. 


Migmatite in the contact zone of the South-Eastern Granodiorite. 
The light-coloured rock is a slightly porphyritic feldspathic rock 
and the dark is biotitic meta-sediment. 


Minor fold near the north shore of Duck Lake displaying two 
distinct cleavages. One is folded, the other is axial piange ee 
the fold and oriented parallel to typical Hay Lake domain cleav- 
age. 


Complexly (probably multiply) deformed quartz-rich bed or vein- 
let. The more open fold has an axial planar cieavage dipping 
steeply on 070°, i.e. parallel to Hay Lake domain structures. 
There are also traces of an earlier foliation which has been 
deformed. 
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irregularity is attributable to quartz segregations 

but much is not. No consistent orientation or style 
for this irregularity has been recognised. As meta- 
morphic grade increases southwards, the irregularity 
gradually vanishes. 

2. East of Duck Lake, often near the closures of major 
isoclines, a different problem is encountered. Com- 
monly an undulating cleavage blends into an axial 
planar cleavage (Plate 2C). In some instances the 
hinges of these folds(?) form strong lineations 
parallel to the major fold axes. Thin-sections show 
this cleavage to be a micro-folded schistosity defined 


by aligned chlorite, muscovite and biotite. 


Aplite Dykes 

Numerous porphyritic biotite aplite dykes outcrop in 
the Duck Lake domain (Plate 2D and E). These are somewhat variable 
but are light-coloured, slightly porphyritic rocks with a moderately 
strong foliation defined by aligned micas. They consist of fine- 
grained granular quartz, sodic plagioclase and aligned biotite, with 
pobeed at phenocrysts of sodic piagioclase and occasionally quartz or 
corroded muscovite. 

The dykesiaré’ about 1/2=3:m, thick, (strike approxi- 
mately east-west and dip steeply southwards towards the granodiorite. 
They cross-cut bedding and are not folded by the major isoclines. 
Some are slightly boudinaged but otherwise are long, straight and unde- 


formed. Their number increases towards the pluton margin and in 
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some areas they constitute a large proportion of the outcrop. 

The dykes are clearly related to the intrusion of the 
South-Eastern Granodiorite. They are sub-parallel to the margin of 
the pluton but are at a high angle to local apophyses. They have not 
been observed cutting the granodiorite and are therefore thought to 
have been emplaced before it. Probably they are ring-dykes intruded 


in advance of the batholith. 


The South-Eastern Granodiorite and Its Contacts 

In the Duck Lake area the pluton consists of unfoliated, 
structureless, medium-grained granodiorite containing about 15 per 
cent biotite. Its outline is highly irregular and bulbous (Fig. 4; 
Fig. 8) and migmatites, gneisses, dykes, etc. are commonly found 
in the re-entrants. The nature of the contact is variable with all 
gradations between the following types: 

1. The simplest contact zone involves only a progressive 
increase in the number of aplite dykes followed by a 
sharp, unsheared contact between meta-sediments 
and massive granodiorite. A few biotitic screens of 
meta-sediment may occur in the granodiorite. 

2. In other areas aplite dykes become more numerous 
until there are about equal amounts of dyke and 
meta-sediment. This grades to a zone of migmatites 
(Plate 2F) in which porphyritic feldspathic rocks are 
present, thoroughly infolded with the meta-sediment. 
This in turn grades to massive granodiorite. The 


width of such a contact zone is 100-200 m. 
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3. A more chaotic assemblage of mixed rocks occurs 

in the re-entrant screen of meta-sediment between 

Duck and Mason Lakes. Many rock types have been 

observed: biotitic schists es porphyroblasts); aplite 

dykes; feldspar porphyries; hornblende diorites 

(oligoclase phenocrysts ina fine mass of aligned 

hornblende and biotite); quartz veins; migmatites. 
These contact relations and the structural setting leave little doubt 
that the exposed granodiorite represents the upper-most levels ofa 
diapirically emplaced pluton. It was composed of several diapiric 
bulbs and apparently advanced by both digestion and deformation of 


country rocks. 


Interaction of Duck Lake and Hay Lake Structures 

East of the Hay-Duck fault the Stuart Lake domain 
(below) is thought to represent the interaction of these two structural 
styles. West of the fault there is a much smaller area of interaction 
exposed, but one locality is of particular interest as refolded iso- 
clines may be readily observed there (Fig. 9). (This locality is near 
the shore of Duck Lake about 800 m. west of the Hay-Duck fault. ) 
Most of the minor folds and cleavages trend north- westerly and 
resemble typical Hay Lake domain structures, suggesting that they 
were formed during that deformational event. Similar suggestions of 
multiple deformation may be observed on a small scale, e.g. folded 
cleavage and multiply deformed quartz veinlets (Plate 2G and H). 
The inference is that isoclines of the Duck Lake domain were re-folded 


in the Hay Lake style. 
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Nature of the Duck Lake Domain 

This domain is an area of complex lithologies and 
deformation intimately related to the intrusion of the South-Eastern 
Granodiorite. The characteristic fold style is one of shallowly plung- 
ing isoclines sub-parallel to the contacts of the pluton and dipping 
steeply into it. Deformed schistosity in the hinges of these folds may 
indicate that the rocks were deformed or recrystallized prior to the 
isoclinal folding. Alternatively it may have resulted from the iso- 
clinal folding itself by some unknown mechanism (e.g. Roberts, 1971; 
Williams, 1972). The structural history probably began with isoclinal 
folding. These folded rocks were intruded by aplite ring-dykes and 


then by the main mass of granodiorite. Rocks in the extremities of 


the domain were later deformed by the Hay Lake deformational event. 


THE STUART LAKE DOMAIN 

This is a small area between the Hay Lake and Duck 
Lake domains and having features of both. The rocks all belong to 
the Burwash Fm. and are weakly cleaved semi-schists similar to 
those of the Hay Lake domain. The northern and southern boundaries 


are gradational. 


Folds 
The domain is characterised by open folds with axial 
planes striking east-west (Fig. 10A) and dipping to the south. The 


folds are overturned so that both limbs dip southwards (Fig. 10B). 


+ 


ALSIes 


g ylwrgiisre: ter shat tye bho ai 


thy Beam ny Siig sets erseiden aiteo 


ona 


iol saat 30 " aaaetd ald th Nein " 


ne 


a 


aia ISS s, a teinpetet or vail 


rt Host bt ety sa. He oven eaten: st cial Re 


2ORE Hit 
Pr 1a a4 Suet s 
=f ated Cae) ie ‘ceicelipeeett rae o>ker, ino atest 


mat ee PT Soe 

Ampad video ta ‘agi (niatoeeg3 ade tt 
sr tye OPO si Tlens wed § Rene say biisgt t i “yd _ . 
Lopuraree aise sat it, 8 Hoa Ht OTSA oR ae: he we 


: 
ne 


rfc: er & >t AE eh van At 8 Bata ‘ et 


) oe Boa 
we com) ot ae B 
' : ¢ as a 


Fr Aa 


1 vile el jlehie. corte [ica 8 


ie 
J + 
ren temd, 
vu) 3 


of piroisd tax 504 a vivid tia annie ' 


ot nelicnie a ierd se ohio perenne fal wee 
Krce DWE Pa alt ots sahecl wal 


7 -Selgp eo 
£ B 
*/ . 


5 a | ‘Ge ete 


tO Lyte: GevG 


esitahiiuiod ny: 


at : 


- Rileea, Ailey pba sais wi bustternierant id 1 alnwesall ae 
| Bae oF eee ait 3 Arigait: ban UAL eae | 


ei wht) bis witoce oe —" rte cf ii 
ys | 


FIGURE 10 : Orientation of structures in the STUART LAKE STRUCTURAL DOMAIN. (A) Fold 
axial traces; nine major folds and two minor folds are represented. (B) Poles 
to bedding; percentage of 44 points per 1% area. (C) Poles to cleavage; per- 


centage of 43 points per 1% area. 
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Cleavage 


The cleavage is defined by preferred orientation of 
chlorite, muscovite and biotite, as inthe Hay Lake deeaaln' It strikes 
to the north-west but dips rather more gently (ca. 50°) than in the. 
Hay Lake domain. The reason for this is not known. This schistosity 
is axial planar to the two minor folds in. Figi1OA but not to:the major 
folds. No indication of deformation of the cleavage been noted. Ina 
few locations there are two cleavage orientations (strike 290-300°, dip 
moderately south; strike 320°, dip more steeply south) but they are 


similar and tentatively ascribed to refraction effects. 


Nature of the Stuart Lake Domain 

This domain has fold axial planes roughly parallel to 
those of the Duck Lake domain but has a more open fold style and a 
non-axial planar schistosity approximately parallel to that of the Hay 
Lake domain. Apparently the major folds were produced during 
formation of the Duck Lake isoclines as peripheral effects of that 
deformation. Later recrystallisation and minor deformation produced 
a few minor folds and schistosity oriented parallel to Hay Lake domain 


structures and probably were synchronous with them. 


THE ISLAND LAKE DOMAIN 

This domain comprises rocks of the Burwash Fm. 
displaying clearly visible interference structures and an unusual 
metamorphic foliation termed ‘Cleavage (B)’. Theventire domain is 


situated above the cordierite isograd. 


Folds 
Most fold axial planes strike to the north-west as in 


the Hay Lake domain (Fig. 11A) but several strike to the north-east, 
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FIGURE 11 : Orientation of structures in the ISLAND LAKE STRUCTURAL DOMAIN. (A) Fold 


axial traces; 27 major folds and two minor folds are represented. (B) Poles 
to common cleavage; percentage of 88 points per 1% area. (C) Poles to cleavage(B) 
(see text); percentage of 43 points per 1% area. (D) Micro-fold axes; percent- 


age of five points per 1% area. 
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an orientation observed nowhere else inthe area. As a result there 
are domal and basinal structures indicative of folding on two roughly 
perpendicular axes. 

South of Island Lake is a series of clearly exposed 
re-folded isoclines. The origin of these is uncertain, but their style 
and location suggest that they might be refolded folds of the Duck Lake 


domain type. 


Cleavage 


The dominant cleavage is the same as that of the Hay 
Lake domain in appearance. It is somewhat variable but is sub- 
vertical and strikes north-west, again as in the Hay Lake domain (Fig. 
11B). This stereogram gives some suggestion that the cleavage has 
been folded on a south-easterly plunging axis which is roughly parallel 
to-thée.micro.-iold-axes-in-the-area.(fig. 11D). (‘The general orientation 
is axial planar to the dominant fold trend and is apparently equivalent 
to the Hay Lake cleavage. 

The presence of cleavage (B) characterises the domain. 
It’consists of parallel biotitic streaks in the rock (Plate 1F, G and H) 
rather than a penetrative alignment of evenly spaced micas. It has 
sporadic occurrence and is commonly found only in the more quartzose 
beds (Plate 1H), though in some localities it is common enough to be 
the dominant metamorphic foliation. Beds exhibiting cleavage (B) 
often have traces of normal schistosity at high angles to it (Plate 1Q). 
Cordierite porphyroblasts may be fiattened parallel to either foliation. 
Cleavage (B) commonly passes through the porphyroblasts (Plate IF). 

It seems logical to link cleavage (B) and the north- 


easterly fold axes since neither occurs outside this domain. However, 
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the orientation of cleavage(B) is variable (Fig. 11C), suggesting that 
the two should not be linked as the youngest event. Thus it seems 
possible that this cleavage is an earlier structure deformed during 


the Hay Lake deformation. 


ens. 

These are rare in this domain. They resemble those 
of the Hay Lake domain (above) in appearance and in orientation 
(Fig. 11D) and so the problem of their origin is also the same. The 
fact that they have the same orientation as in the Hay Lake domain 
indicates that they have not been deformed since the Hay Lake defor- 
mational phase. Therefore the north- easterly folding in this domain 


pre-dated the Hay Lake event. 


The Nature of the Island Lake Domain 

Deformation in this area involved one more phase of 
deformation than recorded inthe Hay Lake domain. Apparently there 
was very localised folding on north- easterly trending axes before the 
Hay Lake deformation was superimposed on it. These fold axes and 
cleavage (B) are tentatively ascribed to the influence of the Duck Lake 


deformation, overprinted by the Hay Lake structures. 


FAULTS 

The area has been dissected by numerous late faults, 
particularly near Yellowknife Bay. They belong to the system described 
in detail by Henderson and Brown (1966) and post-date both metamor - 
phism and the fold structures, so no detailed description is necessary 


here. Several points should, however, be recorded. 
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TABLE 1 : Proposed tectonic history of the 


Yellowknife Bay-Prosperous Lake area. Dates are from 


Green and Baadsgaard (1971). 


Event 


Faulting, diabase 


Date (m.y.) 


721140 


Structural Effects 


Kinking possibly of 
this age. 


Widespread folding 
on axes trending 
North-West. 


Steeply plunging 
folds trending 
E.N.E. May have 
formed by inflation 
of the Western 
Granodiorite. 


May have caused 
the Yellowknife 
Bay syncline. 


Steeply-dipping, 
isoclinal folds with 
sub-horizental axes. 


Metamorphic 


Localised 
retrogressive 
alteration, 


Extensive 
zoned meta- 
morphism of 
an Abukuma 
facies series. 


Contact meta- 
morphism. 


Contact meta- 
morphism. 


Comments 


Anomalous reference 
isochron of Green 
(1968). 


Fortier (1946). 


Deformation, intru- 
sion and metamor- 
phism causally 
related and syn- 
chronous., 


Fold attitudes 
suggest that strata 
were inclined prior 
to folding. 


Relation of intrusion 
and deformation not 
definitely established 


Piuton, dykes, fold- 
ing and metamor- 
phism intimately 
related. 


intrusion. (see comments) 
x 
e| Pegrnatites 
O} Gold-quartz veins 
Oo 
“~! Prosperous Lake 2575125 
.j] adamellite 
i>) 
3 
° 
hi 
Vv 
f Hay Lake 
2| deformation 
A, 
Yellowknife 
Bridge 
deformation 
Western 2590-2610 
Granodiorite 
ot South-Eastern 2620-2640 
| Granodiorite 
‘Il Aplitic dykes 
Yj (? ring-dykes) 
rf Duck Lake 
is deformation 
3 
A 
fe 
Sedimentation 
Volcanism 2650-2625 


Oceanic crust 


See comments. 


Undulatory 

(? deformed) cleav- 
age in the Duck Lake 
Gomain may indicate 
prior deformation. 


May have continued 
during intrusion of 
granodiorites. 
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Hydrothermal alteration is a marked feature of these 
faults, though most have parts free of alteration. 
Typically they are narrow structures lacking quartz 
veins but they have caused chloritization of mafic 
minerals in the adjacent rocks and produced a faint 
hematitic colouration. Pyrite and carbonate usually 
are present in small amounts and micro-veinlets 
carrying K-feldspar are common. Shearing and 
brecciation (or incipient brecciation) is rare but 
does occur at some localities. Quartz mineralisa- 
tion has been observed only on the Vega fault. 
Similar alteration is also associated with diabases. 
Between the Hay-Duck fault and Yellowknife Bay 
this alteration has affected a large proportion of the 
rocks because faults are so numerous. This is 
thought to be the reason for the anomalous Rb-Sr 
isochron (reference isochron = 1140 m.y.) which 
Green (1968) obtained for meta-sediments collected 
in this area. Ii4his.is correct, it suegests that the 
faults were active and diabases were intruded at that 
time. 

The lateral displacement on the faults usually cannot 
be determined accurately. The Hay-Duck fault has 
about..2. kim of horizontal movement.” “Che _displace- 
ment on the Cinnamon Island fault is unknown but 
there is considerable structural discontinuity across 


it (see above). The Ptarmigan and Vega faults 
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apparently have very little lateral displacement. 
Petrologically there is no mineralogical change 
across any of these faults in the aureole of the 
Prosperous Lake granite and no detectable discon- 
tinuity in trends of mineral composition. This is 
because the faults are tangential to the isograds so 
that limited lateral movement has not caused any 


change in metamorphic grade across the faults. 


SYNTHESIS3 ALEC TONIC HISTORY 

This reconnaissance study has revealed rather more 
complexities than it has explained. While complete elucidation of the 
structural history must await detailed study, a tentative picture may 
be deduced by fitting the structural information (above) to the existing 
geochronological data. Table 1 sumrnarises this suggested history. 

It is uncertain whether the South-Eastern or the West- 
ern Granodiorite should be taken as the oldest pluton as geochronolo- 
gists have disagreed on the interpretation of Green's (1968) data 
(Green and Baadsgaard, 1971; Thorpe, 1971) and no structural evi- 
dence has been found on this question. Here the sequence suggested 
by Green and Baadsgaard is followed because it is based on both Rb-Sr 
and U-Pb dating methods and they are in agreement. 

Deformation of the sedimentary rocks occurred in very 
localised domains. Three of these are geographically and genetically 
related to the major batholiths and two of them resulted from super- 
imposition of the structures of two domains. This relationship is in 
accord with those observed in other cratonic terrains (Anhaeusser et al., 


1969; Goodwin, 1972) and is best explained by the batholith inflation 
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FIG. 12 *YELLOWKNIFE EVOLUTIONARY MODEL 


(Modified after models of Glikson,1972, and Badharn, personal communication, 1972.) 
~ 2650 my. 
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model of Clifford (1972). 

Where refolded folds have been observed they can 
usually be ascribed to the marginal overlap of two deformational 
domains and there is no conclusive evidence for ubiquitous early 


isoclinal folds. 


AN EVOLUTIONARY MODEL 

In view of the rarity and ambiguity of evidence for a 
granitic basement to the Kenoran succession, the author follows Glik- 
son (1972) in believing the craton to have evolved on oceanic crust 
(also Green and Baadsgaard, 1971). Perhaps the localised areas of 
granitic 'basement' are explained by the existence of very small, very 
thin areas of differentiated sialic 'scum!' on the surface of this basic 
crust. The distinction of this oceanic crust from the basal lavas on 
well be principally semantic so that the Kam Fm. might be considered 
to be oceanic crust unless a significant time difference can be demon- 
strated between these lavas and their basement. 

The formative cycle in the Slave Craton (Fig. 12) began 
very late (2650 m.y.) compared to that of other cratons and probably 
represents the last occasion on which crustal conditions permitted 
eiatan formation. (Consequently the Slave Craton differs in some 
respects from the others, principally in that a rather shallower struc- 
tural and stratigraphic level is exposed.) Broad linear downwarps in 
the oceanic crust occurred and were filled (2650 m.y.) by volcanic 
rocks (the Kam and Duck Fms.). As thermal processes continued, 
large volumes of granodiorite magma were generated and migrated 


diapirically upwards, up-doming the extruded lava piles. These 
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batholiths were emplaced at slightly different times in the period 2640- 
2620 m.y. and in regions with variable thicknesses of volcanic rocks 
(compare the Western and South-Eastern Granodiorites.) They were 
preceded by ring-dykes, acid or intermediate lavas and pyroclastics 
which formed clusters of elongate volcanic islands. The erosion of 
these 'island clusters' led first to mature sediments and conglomer- 
ates (Jackson Lake and Banting Fms.) above the volcanic rocks. As 
up-doming continued, the troughs deepened and the sediment supply 
increased so that the basins became filled with turbidites. Through- 
out this process the batholiths continued to rise, intruding and tilting 
the lower supracrustal rocks. Inflation of these early batholiths then 
caused deformation, certainly close to their margins (the Duck Lake 
and Yellowknife Bridge domains) and possibly over more extensive 
aveas.~ [he temperature at-thisistageun the presently exposed rocks 
was sufficient to cause regional metamorphism to chlorite and per- 
haps biotite grade with localised grade increases adjacent to the plu- 
tons. About 2575 m.y. ago pressure decreased (possibly by cessation 
of batholith inflation combined with erosional unloading) and the ther- 
mal regime changed from one of widespread low temperatures to 
localised intense 'thermal domes' often located in the keels of the 
sedimentary troughs. These migrated upwards very slowly and there 
is some evidence (below) that they caused local grade increases to 
garnet and staurolite grades before superimposing extensive thermal 
aureoles characterised by cordierite. This upward migration of the 
isotherms was accompanied by anatectically-formed, hydrous, potassic 
magma whose intrusion Bei) inflation caused widespread deforma- 


tion (the Hay Lake structural domain). This deformation impinged on 
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but commonly did not re-fold rocks already deformed by the previous 
batholiths. Metamorphism continued until just after cessation of fold- 
ing. At amuch later stage the rocks were faulted, intruded by dia- 


bases, and hydrothermally retrogressed near the faults. 
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NATURE OF THE SEDIMENTS 

The rocks examined in detail are metamorphosed 
turbidites of the Walsh and Burwash Fms. The sedimentary petrol- 
ogy of these rocks is well leven and the mode of their deposition is 
agreed to be by turbidity currents (Ross, 1962; Henderson, 1970, 
1972). The source area was a complex of intermediate to acid plu- 
tonic and volcanic rocks, but there is disagreement as to whether 
this complex was pre-Kenoran sialic basement or a penecontempo- 
raneous intrusive complex. The Geological Survey of Canada school 
(e.g. McGlynn and Henderson, 1970) holds that a mobile sialic crust 
was uplifted and eroded, possibly (Henderson, 1972) in the manner 
suggested by Hamilton and Myers (1970). Writers in the University 
of Alberta have generally suggested that an island arc (or ‘island 
cluster') model is applicable, beginning on Kenoran oceanic crust 
(Folins bee! etvalcy 1968; Green, 1968; Green and Baadsgaard, 1971; 


this thesis). 


Sedimentary Petrology of the Burwash Fm. 

The Burwash Fm. rocks are dominated by greywackes 
with subordinate amounts of mudstone (as thin beds or at the tops of 
graded beds) and very minor calc-silicate beds or nodules. 

Greywackes. The graded greywackes of the Burwash 


Fm. have been described in detail by Henderson (1972). They are 
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extremely immature sediments with abundant (recrystallised) matrix 
and plainly visible clasts (Plate 3A). The matrix is typically 0:02 to 
0.07 mm. in grain-size, increasing from 0.02-0.05 mm. in the lower 
biotite zone to 0.04-0.07 mm. at the cordierite isograd. The clastic 
fragments grade in size from these values to about 1.4 mm. and clasts 
larger than 2 mm..are very rare. Henderson's studies (1972 and pers. 


comm., 1972) have shown the clastic population to be as follows: 


Clastss, * . .}. 4 .9.Ouartz > Rock Pragments > Plagioclase 
Quartz) #t!.1.2 .. Monocrystalline S Poly¢rystalline 
Rock Fragments .. Igneous > SedimentarysS> Metamorphic 


Volcanic > Others 
Felsic Volcanic > Other Volcanic 


Feldspart Whil. =. . K-Feldspar Absent 


In contrast, Ross (1962) reported that rock fragments were absent 
from eqiaeaicntinctes at Mesa Lake. Inthe rocks studied herein 
recognisable rock fragments are present but minor in amount. It is 
probable that the rock fragments have merged unrecognisably with the 
matrix and Henderson's data are accepted. Micro-probe analyses 
(below) have shown the plagioclase clasts to have a wide range in 
original composition (55-98% Ab). The absence of clastic K-feldspar 
is probably attributable to the complete metamorphic transformation 
of originally small amounts to muscovite. 

In bulk composition the Burwash greywackes are typical 
of Archaean greywackes though having slightly lower CaO and CO2 
contents (see Table 2; Figs. 13, 33 and 34; Henderson, 1972; Boyle, 


1961). Compared to greywackes in general the Burwash rocks have 
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rather higher FeO: Fe,O3 and slightly higher MgO (e.g. see average 
of Pettijohn, 1957) but are otherwise very similar. In terms of the 
metamorphic petrology below, they are considered semi-pelitic. 

Mudstones. These rocks are texturally and compo- 
sitionally gradational with the greywackes. Ideally they lack recog- 
nisable clastic grains and have very fine grain-size, increasing from 
0.02-0.05mm. in the lower biotite zone to 0.04-0.08 mm. at the 
cordierite isograd. Texturally and mineralogically they are entirely 
metamorphic. 

The composition of the mudstones is illustrated by 
Table 2 and Figs. 13, 33 and 34. Further analyses are given by Hen- 
derson (1972) and Boyle (1961). Compared to Henderson's average of 
twenty Archaean 'slates', the Burwash rocks have rather higher 
Al,O03 : SiOz and FeO: Fe3z03, marginally higher MgO contents and 
consistently lower CaO. Relative to the average pelite (Shaw, 1956) 
Bis On Sis, FeO : FepO3 and MgO are markedly higher and NazO 
content is slightly so. In metamorphic terms they are, however, 
definitely 'pelitic'. 

Cale-silicates. These rocks occur as thin beds, 
typically ca. 5-10 cms. thick, or nodules throughout the Burwash Fm. 
Their character is now entirely metamorphic. Because of their com- 
monly nodular and zoned appearance, these rocks have commonly been 
inferred to be concretionary in origin (e.g. Heywood and Davidson, 
1969). However, the same rocks occur as definite beds and these are 
tectonically boudinaged in places. The 'concretions', therefore, are 
more likely simply to be well separated boudins. It is suggested that 


these rocks were originally tuff beds deposited between turbidity 
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currents. The only available analysis (Tremblay, 1952) is consistent 
with this suggestion. 

Their mineralogical response to metamorphism has 
been briefly described by Ross (1966) and Heywood and Davidson (1969). 


They are considered no further in the present report. 


Sedimentary Petrology of the Walsh Fm. 

These rocks are not known in great detail though they 
have been briefly described by Henderson (1970). They are generally 
similar to the Burwash Fm. equivalents but are more thinly and uni- 
formly bedded. There is a much smaller proportion of sandstone and 
less differentiation into greywacke and mudstone, so that the dominant 
rock-type is siltstone. 

Micro-probe analyses (below) have shown that the 
plagioclase clasts are all albite, a distinction from the Burwash Fm. 
which suggests a different sedimentary source. 

Bulk analyses of two Walsh Fm. rocks are shown in 
Table 2 (see also Figs.-13, 33 and 34). The lack of sandstone- 
mudstone differentiation is illustrated by this table which shows that 
the Walsh meta-pelite and meta-greywacke are very similar though 
distinctly different from the Burwash rocks. They both resemble the 
Burwash greywackes in composition but are characterised by excep- 


tionally low CaO contents. 


Relation of Bulk Composition to Metamorphic Grade 
Kretz (1968) gave analyses which suggested that the 
Na 2O : K20 ratio of meta-sediments in the Sparrow Lake area might 


decrease with increasing distance from the pluton. He suggested that 
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rocks metamorphosed at progressively higher temperatures had exper- 
ienced proportionate addition of Na and removal of K. These data were 
mainly for grades above the cordierite isograd but Table 2, giving 
analyses for the biotite zone, shows no such changes. Therefore the 
problem cannot be fully evaluated but Table 2 suggests that any system- 
atic compositional changes are of negligible magnitude in the context of 


the following discussion. 


THE PROSPEROUS LAKE AUREOLE 

The metamorphic aureole of the Prosperous Lake 
adamellite is a small section of an extensive region of metamorphic 
rocks surrounding the Prosperous Lake, Duncan Lake and Sparrow 
Lake plutons (e.g. see Kretz, 1968, Fig. 1 or Fortier, 1946). The 
present study is confined to a wide traverse across this aureole (Figs. 
4 and 15) typifying the pro-grade sequence. The same aureole has 


been studied on the other side of the plutonic complex by Kretz (1968) 


and Kamineni (Ph.D. thesis in preparation). 


he Chlorite Zone: 

The lowest metamorphic grade sampled (Fig. 15) is 
immediately to the east of the Akaitcho fault. All Burwash Fm. 
samples thin-sectioned have contained biotite unless thoroughly hydro- 
thermally retrogressed. Samples from the Walsh Fm. do not contain 
biotite, but this is shown below to be a result of compositional con- 
trols. Therefore, no chlorite zone has been sampled or studied. 
Commonly, however, biotite-free rocks are reported at the lowest 
grades elsewhere in the craton (e.g. Henderson, 1943; Ross, 1966) 


and Henderson (1972 and pers. comm., 1972) has found biotite-free 
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meta-sediments between the Akaitcho fault and Yellowknife Bay. It 
seems that the biotite isograd was very close to the present shore of 
the bay but that the Akaitcho fault has placed chlorite zone rocks 
adjacent to biotite zone rocks. 

Where they have been described, the chlorite zone 
meta-sediments are composed of very fine-grained chlorite and mus- 
covite (with clasts of quartz and plagioclase in meta-greywackes) in 


a recrystallised matrix of quartzo-feldspathic material. . 


The Biotite Zone 

This is a wide section (ca. 8 km.; see Fig. 15) of the 
aureole with its upper grade limit defined by the cordierite isograd. 
The biotite isograd is not exposed and within the biotite zone the 
Walsh Fm. rocks lack biotite (see below). 

Meta-pelites. The pelitic rocks at lowest grade are 
very fine-grained semi-schists with a phyllitic or lepidoblastic arrange- 
ment of chlorite and muscovite in fine granoblastic quartz and feldspar. 
Large ragged porphyroblasts of biotite cross-cut this foliation (see 
Plate 3B) and are sometimes themselves weakly pide Rutile and 
ilmenite are ubiquitous in the Burwash Fm. and minor graphite, 
pyrrhotite, pyrite and chalcopyrite are present in some rocks. The 
modal amounts of chlorite, muscovite and biotite vary greatly (approx- 
imately from 0-30% modal). Potassium feldspar is present in small 
amounts in all of the eighteen meta-pelites stained. 

Meta-greywackes. These are blastopsammitic rocks 
(Plate 3) entirely comparable in mineralogy to the meta-pelites. Fol- 


iation of the sheet silicates is commonly lacking or very weakly 
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developed. ‘The biotite is present as scattered anhedral flakes or in 
poly-crystalline clots or aggregates. The plagioclase clasts show 
evidence of variable degrees of recrystallisation. 

The Walsh Fm. The difference between these rocks 
and the Burwash Fm. has already been noted. Mineralogically they 
are similar except in that they lack both biotite and ilmenite. Textur- 
ally they are less markedly blastopsammitic, lacking the coarse clas- 


tic fragments of the Burwash Fm. 


The’ Cordterite “Zone 

As traditionally mapped in the Slave Craton, the meta- 
sediments are divided into two grades -- those above the cordierite 
isograd being obviously 'nodular' and those below it being free of 
these porphyroblasts. For present purposes the cordierite zone is 
taken to extend from the cordierite isograd to the line where garnet 
is first observed (Fig. 36). 

In a very short pro-grade interval cordierite appears 
in a large proportion of the rocks (Plate 4; Fig. 30). There is no 
apparent control of its initial appearance by rock composition. Above 
the isograd cordierite occurs in many rocks to the highest grades 
puseeved and the original nature of the sediment (greywacks vs. mud- 
stone) is increasingly difficult to discern. Fine-grained chlorite and 
muscovite are much less abundant than in the biotite zone but are 
present in some rocks. Biotite is ubiquitous and abundant and the 
cordierite is present as large, diffuse poikiloblasts. Andalusite 
occurs sporadically in the lower cordierite zone but more commonly 


in the upper cordierite zone where it is thought to be a stable member 
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of the pro-grade sequence. 


The Cordierite-Garnet 'Zone' 

In the highest-grade parts of the aureole (Fig. 36), 
adjacent to the pluton margin, garnet is very common, occurring in 
a wide range of rock compositions and commonly co-existing with 
cordierite. The limits of the garnet-bearing rocks have been mapped 
by Jolliffe (1942 and 1946) and confirmed during the present study. 
Coarse subhedral to euhedral Ores iets is present and gedrite occurs 
in rocks at the highest metamorphic grades. Cummingtonite is char- 


acteristic of narrow siliceous lenses. 


The Sillimanite-Staurolite 'Zone' 

Sillimanite has been observed at only two localities in 
this section of the aureole (Fig. 36) but it is commonly recorded as 
being characteristic of the highest grades attained elsewhere in the 
craton (e.g. Ross, 1966; Davidson, 1967; Heywood and Davidson, 
1969; Kretz, 1968). At both of these locations the sillimanite is incip- 


ient and in complex parageneses involving staurolite. 


The Facies Series 

The zonal series described above closely approximates 
an Abukuma facies series (Winkler, 1967). The main differences are 
that andalusite is not common and apparently appears only after 
cordierite, and that garnet and staurolite are found at high grades. 
The latter problem is discussed below, but it is thought to indicate 
that metamorphism began at slightly higher pressures than represented 


by the principal facies series. 
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The aureole, therefore, is an excellent example of the 
equivalence of low-pressure regional metamorphism and relatively 
high-pressure contact metamorphism. 

Conditions of metamorphism. This facies series sug- 
gests, in very approximate terms, that metamorphism operated at 
about 2.5 to 4.0 kb. (see below). Since the metamorphism is an 
aureole round a pluton there is thought to have been very little press- 
ure change with increasing grade. The lowest biotite zone probably 
represents temperatures of the order of 300-400° C. (Turner, 1968), 
the cordierite isograd about 550° Cil( Davidson, 1967; Seitert* 1970: 
Den Tex, 1971) and the granite contact (with its occasional silliman- 
ite) about 650-700° C. (e.g. Den Tex, 1971; Davidson, 1967). There 
is little available evidence for the fluid composition except that graph- 
ite is present. This indicates that CO was a major constituent of the 
metamorphic fluids and leaves the possibility that methane was also 


present (French, 1966). 


Assignment of Metamorphic Grade 

For many of the arguments developed below, a non- 
mineralogical index of metamorphic grade is required. The pluton 
outcrop is asymmetrically located within the isothermal surface 
represented by the cordierite isograd (Fig. 15) so that the grade index 
cannot Sey, be distance from the pluton contact , which is the com- 
monly used parameter. Metamorphic grade in the aureole is there- 
fore assigned on the basis of the perpendicular distance from the 
cordierite isograd. The general configuration of the aureole and 


sampling sites (Fig. 15) and the texturai changes along this direction 
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suggest that this is a reliable index of metamorphic grade. This con- 
tention is confirmed by the fact that use of this index yields composi- 
tional trends well established for pro-grade changes in muscovites 


(below). 


THE SAMPLE SERIES 

Several of the petrological arguments below depend on 
the selection of two isochemical sample series -- meta-greywackes 
and meta-pelites. The widespread distribution of turbidites of one 
formation guarantees that the same general range of compositions 
occurs at all grades in the aureole, but further discrimination into 


two consistent but distinct rock series was required. 


Sedimentological Criteria 

Samples were initially taken to represent, by field 
inspection, the meta -pelite and meta-greywacke rock-types. All the 
samples from the biotite zone (170 thin-sections) were petrograph- 
ically examined and several sedimentological parameters system- 
atically recorded. By plotting these parameters against one another 
(Fig. 14) and comparing the scatter of points to the field-names, it 
was possible to display the variability in these parameters and delimit 
restricted fields for the 'typical' meta-greywacke and meta-pelite. 
Thesejlimitssare: & 


Meta-pelites Meta-greywackes 


Max. clastic grain size (mm. ) AAS OM <1....3 
Recognisable sand grains (%) 8 19-51 
Total quartz and feldspar (%) 70 55-80 


Samples for detailed study were then selected from within these fields. 
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Other Criteria 
Samples for detailed study were also required to con- 
form to the following conditions: 
1. They should comprise an evenly-spaced sample 
array in a pro-grade traverse across the aureole. 
2. They should display minimal weathering or hydro- 
thermal alteration. Some narrow chloritised 
veinlets were inevitably present in the selected 
samples as most rocks in this area have suffered 
this mode of alteration. The principal alteration 
is the retrogression of biotite to chlorite and 
K-feldspar and the altered areas are readily 
recognised and avoided in micro-probe analysis. 
In the whole-rock analyses the effects of the alter- 
ation would be a very small increase in SiO, con- 


tent and occasionally KO, sulphide or carbonate. 


The Sample Series 

On the basis of these criteria two sample series have 
been selected. The extent to which these series are isochemical may 
be ie from Table 2 and Figs. 13, 33 and 34. The compositional 
fields are very restricted but commonly overlap slightly. Three 
Walsh Fm. samples have been included. These are compositionally 
similar to the Burwash meta-greywackes regardless of their petro- 
graphic designation as meta-pelites or meta-greywackes. 

The locations of samples used in studying the biotite 


zone are shown in Fig. 15. The meta-pelite samples are numbered 
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in order of decreasing metamorphic grade with the prefixes 'P' for 
Burwash Pin. samples and'"PW" for Walsh Fm. ‘samples. The meta- 
greywackes are numbered on the same scheme but pre-fixed 'G' and 
'GW' respectively. Samples from above the cordierite isograd are 
numbered in order of increasing metamorphic grade with prefixes as 
above. (This complexity is maintained to preserve the published 


sample numbers -- Ramsay, in press, 1973). The locations of 


samples from the cordierite isograd are shown in Fig. 30. 


Analytical Methods 
The reader is referred to the Appendix for all details 


of methodology, accuracy, etc. 


BIOTITE ZONE MINERAL CHEMISTRY 
(Note: This and the next four sections are an expanded 


version of work in press at present -- Ramsay, in press, 1973.) 


Biotite 

Analyses and structural formulae of twenty biotites 
from the biotite zone are given in Tables 3 and 4. As illustrated by 
Figs. 16, 17 and 18 the compositional variability is remarkably small, 
being confined to the ratios Fe/Mg (Fig. 18) and (Fe+Mg)/A1 (Fig. 17). 

Influence of metamorphic grade. Within this restricted 
compositional field there are several systematic trends related to 
metamorphic grade (see Fig. 19). The main points are: 

1. Well-defined trends are apparent in the elements 
of the alkali site. In biotites from meta-greywackes 


Na/K increases and total X-site occupancy decreases 
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FIGURE 16 : SAF triangular diagram showing restricted compositional 
fields of the analysed biotites, chlorites and muscovites from 


the biotite zone. 
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FIGURE 17 : Modified AKF triangular diagram, with some representative 
tie-lines, showing the compositional variability of the analysed 


biotites, chlorites and muscovites from the biotite zone. 
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at higher metamorphic grades. Limited data on 

the Ba contents (Table 5) suggest that this is 

insufficient to compensate for the X-site deficiency. 

In meta-pelite biotites the Na and K contents and 

the X-site total are independent of metamorphic 

grade. 

2. The trends are less striking in the elements of the 

Y-site. AlVlis generally more abundant at higher 

grades. Tiand Mn contents (Table 3) are indepen- 

dent of grade. In meta-greywacke biotites Mg/Fe 

increases towards the cordierite isograd. In meta- 

pelite biotites there is no correlation between 

increased grade and Fe but the Mg content may 

decrease slightly. There is a pro-grade increase 

in Y-site occupancy in meta-greywackes but not in 

BK Sac maees : 

52 ai the tetrahedral site the minimum Si content falls 

at higher grade and the meta-pelite biotites trend 

to lower Si/AL!V, (Note that only one point prevents 

there being a strong, general pro-grade Si decrease. 

If this analysis is in error, Si decrease is the 

correct trend. ) 
The important features of Fig. 19 are the differing response of biotites 
in the two rock types to increased metamorphic grade and the marked 
compositional changes in the meta-greywacke biotites. 

Comparative discussion. Abundant data on greenschist 


facies biotites are now available (e.g. Lambert, 1959; Brown, 1967; 
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FIGURE 19 : Diagram illustrating the relationship of biotite 
composition (atomic proportions) to metamorphic grade. The 
point marked (?) apparently represents a chloritised biotite. 
Derivation of the ‘average error bars' is explained in the 
appendix. For Si and ie they represent maximum errors at 
99% confidence; for other elements they reflect the ranges of 
replicate analyses. In both cases they were calculated for 


minerals of average composition. 
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TABLE 5: Miscellaneous additional analytical data on biotites, 
muscovites and chlorites from the biotite zone of the 


Prosperous Lake metamorphic aureole. 


Mineral Sample No. and Concentration(%) 
1S 


Biotite Gases mee Tri Res ete 
Cl Geo tes P-~6 1 Tr: P-3 * 0,02 
F Gast O21S) bH-6r Oris) P35) 0227 
BaO Geto 20. Se abe Oo 
Muscovite P G=5e0F01 
Gi Gis) & be 
F G-5: 0.01 
Chlorite BaO P=7 2e02 02 s0G—5s-102038 
Pp Gea5 itr: P-4 Tre P-6 2 Tr 


Also: Sr -n.p. in 3 biotites, 2 chlorites and 6 muscovites. 


Symbols as in Table 3. 
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Butler, 1967; Mather, 1970 and Pinsent, 1971). The Prosperous 
Lake biotites are compositionally similar to those analysed in the 
above studies, though rather more magnesian. Evidently there is a 
very restricted range of composition for biotites in such rocks. 
Lambert (1959), Butler (1967) and Pinsent (1971) noted 
alkali deficiencies and low X-site totals are also apparent in the data 
of Brown (1967), Mather (1970) and particularly Cooper (1972). In 
the Prosperous Lake biotites the X-site deficiency and the Y-site 
total both increase towards the cordierite isograd which may indicate 
Fe or Mg in twelve-fold coordination (McNamara, 1965). Alterna- 
tively hydronium ions may complete the X-site complement. 
Variation of biotite composition with metamorphic 
grade has been discussed by several authors (e.g. Lambert, 1959; 
Butler, 1967; Guidotti, 1969) but most data are for higher grades and 
higher pressure-gradients than those discussed here. Butler (1967) 
found that Al!Y increased at higher grade, Pig. lo Tsugcests aisimilar 
trend, at least in meta-pelites. The pro-grade increase of Mg/Fe 
demonstrated by Lambert (1959) occurs in the meta-greywacke bio- 


vi may also increase slightly, 


tites but not in the meta-pelite group. Al 
in which case the trend is in agreement with that described by Butler 


(1967). 


Muscovite 
Tables 6 and 7 give analytical data on twenty biotite 
zone muscovites and their limited compositional variability is illus- 


trated by Figs. 16, 17 and 18. They are slightly phengitic muscovites 
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intermediate in composition between ideal muscovites and those of 
Barrovian terrains (e.g. Mather, 1970). The spread of points in 
Figs. 16 and 17 suggests that Al/(Mg+Fe) variability is dominant with 
rather constant Si and (Nat+K) contents. As so commonly recorded, 
many of these muscovites have X-site deficiencies. 

Influence of metamorphic grade. “Fig. 20 relates mus- 
covite composition to metamorphic grade and the main features are 
as follows: 

1. Well-defined trends are apparent in the X-site 
occupancy. The X-site total is nearly ideal but 
exhibits a slight pro-grade increase. Na/K 
increases at higher grades. Although Ba content 
is considerable, it is not grade-dependent (Tables 
6-and’ 7): 

2. Y-site occupancy is also dependent on grade, with 
the Stay decreasing from nearly ideal values at low 
grades and converging on deficient values at the 
cordierite isograd. A1V! increases markedly at the 
expense of Mg and Fe and the ranges of AIVE Mg 
and Fe decrease. Ti and Mn contents are indepen- 
dent of grade (Tables 6 and 7). 

3. The tetrahedral site exhibits pro-grade decrease in 
Si (increasing Al!V/Si) in meta-greywacke musco- 
vites. This trend is, however, dominated by one 
data point. It may be that the meta-greywacke points 
should simply oe to the narrowing Si range dis- 


played by the meta-pelite muscovites. 
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FIGURE 20 : Diagram illustrating the relationship of muscovite 
composition (atomic proportions) to metamorphic grade. Points 
marked (?) do not conform to otherwise well-defined trends. 
Walsh Fm. muscovites are not included in the delineated fields. 


Symbols as in Figs. 19 and 22. 
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Comparative discussion. The compositional variability 
of muscovite has been extensively studied (e.g. Lambert, 1959; 
Ernst, 1963; McNamara, 1965; Velde, 1965, 1967 and 1968; Brown, 
1967 and 1968; Butler, 1967; Guidotti, 1969; Mather, 1970; Pinsent, 
1971; Makanjuola and Howie, 19%2, Hermes, 9/5). It is impossible 
to discuss here all these papers or their present relevance, buta 
recent review by Cipriani et al. (1971) showed that the main variations 
are: 

Si + Mg (or Fe*‘) === Al!V + aiVI 
and 

si¢+ OXUSallV + K (or Na), 
with increased celadonite content favoured by low temperature and 
Hien pressure. fig. '20 reflects these substitutions with. Fe and Mg 
contents decreasing at higher metamorphic grades while (Na + Ba + K), 
A1V! and the maximum Al!V contents all increase. There is also evi- 
dence tor gradual pro-grade filling of the twelve-fold void site in that 
the XA-site déficiency is generally larger at lower grades. However, 
the increasing deficiency of Y-site occupancy is not explained by these 
substitution reactions. Further, Fig. 18 indicates that substitution 
of Mg for Al predominates over that of Fe (see also Makanjuola and 
Howie, 1972). The pattern of Si contents is more complex than 
indicated by the above equations, at least in the meta-pelites. 

The crux of the 'phengite problem' is whether phengite 
composition has been controlled by metamorphic grade or rock com- 
position. Fig. 20 demonstrates clearly that, when rocks of similar 
bulk chemistry are selected, the compositions of the phengites in them 


are grade-dependent. There is a general pro-grade approach to ideal 
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muscovite achieved by a narrowing of the compositional range as well 


as by a linear approach to ideality. 


Chlorite 

Chlorite of three petrographic types is present in these 
rocks. These types are not compositionally distinct and are therefore 
designated by suffixes. Ghidvite (A) occurs as small flakes in rocks 
throughout the biotite zone (Plate 3A and B). Chlorite (B) is present 
in small amounts in the higher-grade half of the zone and is of medium 
grain-size and usually interleaved with biotite. Chlorite (B-X) is 
similarito chlorite (B), occurring asdarge, thin flakes in a few. rioocks 
in the upper biotite zone but it often cuts across biotite grains (Plate 
3E). 

Analyses of chlorites are given in Tables 8 and 9. 
There is a limited compositional range (Figs. 16, 17 and 18) and 
chlorites of the three petrographic types are entirely comparable in 
composition. Figure 21 shows that all the analysed chlorites are 
ripidolites. There is a limited range of Al/(Mg + Fe + Mn) ratios 
(Figs. 16 and 17) and a somewhat larger spread of Mg/(Fe+Mn) ratios 
(Figs. 18. and 21). The more Fe-rich chlorites contain slightly more 
Al (Fig. 18) but Si/Al does not vary significantly (Figs. 16 and 21). 

Influence of metamorphic grade. Grade has much less 
influence on chlorite than on biotite or muscovite (Tables 8 and 9; 
Fig. 22) but the main features are as follows: 

1. There is no divergence of trends for chlorites from 
different rock types of the Burwash Fm. but those 


from the Walsh Fm. are slightly distinct. Chlorites (B) 
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FIGURE 21 : 


Rey O Meta-pelite 


a0) 2:4 a6 me 


Chlorite (A) 
© Meta-greywacke 
O Chlorite (B) or (B-X) 


Chlorite classification diagram (modified after 


Hey, 1954 and Deer et al., 1966) showing the chlorites 


from the biotite zone cf the Prosperous Lake aureoie. 
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and (B-X) are entirely similar in composition to 
chlorite (A). 

2. The Mg/Fe ratio increases only marginally towards 
the cordierite isograd and its variability cannot be 
primarily due to grade. Ti and Mn contents are 
not affected by grade. 

3. The observed range of AlY! contents increases 
markedly towards the cordierite isograd and Si/ALLV 

decreases very slightly, though having a wide range. 

4. The presence of the medium-grained chlorites (B) 
and (B-X) is also a function of metamorphic grade. 
Chlorite (B) occurs only in the upper half of the bio- 
tite zone. Apparently the compositional maturation 
of the minerals necessitated the appearance of a new 
phase at this grade. Asa result chlorite (B) crystall- 
ised with medium grain-size because of easy growth 
at elevated temperatures but with composition the 
same as chlorite (A) because they crystallised under 
the same controlling conditions. Chlorite (B-X) is 
first present just below the cordierite isograd but 
persists at all higher grades. Its suggested origin 
is given below. 

Comparative discussion. The composition of these 
chlorites resembles that usually found in greenschist facies meta- 
greywackes and meta-pelites (e.g. McNamara, 1965; Brown, 1967; 
Mather, 1970; Pinsent, 1971) though they are more magnesian than 


is usual. Brown (1967) recorded similar compositional variability, 
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Total Fe as Fe*? 


CORDIERITE 
ISOGRAD f 
<— Metamorphic grade 
K ey: a Medium- grained Other symbols— as in 


chlorites ‘B’ and‘ B-X‘ figures 19 and 20. 


o Meta-pelite 


WALSH FM. 
% Meta-greywacke 


FIGURE 22 : Diagram illustrating the relationship of chlorite 
composition (atomic proportions) to metamorphic grade. Clearly 
grade has less infiuence on chlorite than on biotite (Fig. 19) 


or muscovite (Fig. 20). 
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dominantly in Mg/Fe. Cooper (1972) demonstrated a pro-grade 
increase of Mg/Fe more marked than that shown in Fig. 22 but recog- 
nised significant bulk compositional control. He also showed that the 
More-Fe=ricir chiorttes contain inore Aires iniplied-by-Pigs-18— In 
the Prosperous Lake chlorites the significant Mg/Fe variability (Fig. 
18) can only partially be attributed to grade control (Fig. 22). The 


bulk compositional control was apparently dominant (see below). 


Plagioclase 
Feldspar and quartz comprise the fine-grained ground- 
masses of these rocks and occur as clastic relics in the meta- 
greywackes (Plate 3G and H). The plagioclase clasts show variable 
development of marginal corrosion, shadowy extinction, inclusions 
and breakdown of twin lamellae, reflecting variable reactive response 
to metamorphism. On this basis clastic grains in several rocks have 
been petrographically designated as ‘active clasts' (showing marked 
development of the above features; see Plate 3H), ‘stable clasts' (free 
of these indicators of reactivity; Plate 3G) or 'matrix feldspar' (fine- 
grained groundmass) and analysed for Na, Ca and K (Table 10). Fig- 
ure 23 relates their composition to petrographic type and metamorphic 
grade. Several conclusions (tentative in view of the small number of 
samples) may be drawn concerning the response of the clastic plagio- 
clases to metamorphism: 
1, Plagioclases in the Walsh Fm. rocks are sodic. 
This is in contrast to the Burwash Fm. rocks and 
reflects differing sedimentary sources. 
2. In the Burwash Fm. there is a wide range of plagio- 


clase compositions at low metamorphic grade but 
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TABLE 10: Partial micro-probe analyses of plagioclases from the 
greenschist facies of the Prosperous Lake aureole. 
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TABLE 10: (continued) 
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TABLE 10: (continued) 
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this narrows to only Abgg.74 atthe cordierite isograd. 

3. Although the allocation of petrographic types is sub- 
jective and subject to error, several points are note- 
worthy. The 'matrix' plagioclases at low grade have 
a wide range of composition but near the cordierite 
isograd the range is narrow, suggesting metamorphic 
equilibration of clastic grains. The 'active' grains 
are far removed from the convergence composition at 
low grades. In the higher-grade rocks the few remain- 
ing clasts are close to the convergence composition. 

Apparently the Burwash Fm. initially contained varied plagioclases 
whose composition was controlled by the source of sediment. Homo- 
genisation gradually occurred by breakdown of those grains furthest 
removed from the convergence composition. 

Comparative discussion. There is no indication in 
Fi gitg2 3.08 ee by a peristerite solvus, although Crawford (1966) 
and Cooper (1972) concluded that plagioclase compositions were deter- 
mined by the peristerite solvus and interaction with other Ca-bearing 
phases. Such interaction is the usual control of plagioclase composi- 
tion in rocks of this type and most pertinent studies have involved 
calcic phases (e.g. Lambert, 1959; Brown, 1967; Pinsent, 1971). 
The Prosperous Lake rocks lack such phases and all Ca must be 
accommodated in plagioclase. The result is gradual pro-grade homo- 
genisation with the final plagioclase composition determined by the 
amount of Ca in the rock (compare the plagioclases of the Walsh and 


Burwash Fms. ). 
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FIGURE 23 : Diagram illustrating the relationship between plagioclase 
composition, plagioclase petrographic type and metamorphic grade in 
some meta-greywackes from the biotite zone. Sample numbers : A = 


G-1; B = G-5; C = GW-9; D = G-10; E = G-1l; F = GW-12; G = G-14. 
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Potassium Feldspar 

There is no clastic K-feldspar in these rocks, presum- 
ably as a result of metamorphic degradation to muscovite. Minor, 
fine-grained K-feldspar is present in the matrix with an uneven and 
genetically significant distribution (discussed below). No systematic 
compositional investigation of this mineral has been attempted but 
micro-probe analysis of grains from sample P-4 has confirmed that 
K-feldspar is present. It is a pure potash microcline containing less 


than one per cent NazO (usually less than 0.25 per cent). 


Oxides and Sulphides 

Opaque minerals comprise up to about five per cent of 
the mode of these rocks. Rutile and ilmenite are the oxides present 
(see Plate 3C and D). Magnetite has not been observed. The Walsh 
Fim. samples lack ilmenite. Micro-probe analyses of these phases 
(including some from the vicinity of the cordierite isograd) are given 
in Table 11. 

Rutile occurs in porphyroblastic aggregates (Plate 3C). 
It is very uniform in composition, containing very minor Si, Al and Fe 
and only traces of Mg and Mn. The ilmenites have more variable 
emambaition from one rock to another and commonly have marked 
grain-to-grain variation in Mn content. They display the high pyro- 
phanite contents characteristic of metamorphic ilmenites (Rumble, 
1971), containing about 6 mol. % MnTiOg3. 

Influence of metamorphic grade. It seems possible 
that the amount of Si or Al substituting for the Ti of rutiles and ilmen- 


ites in rocks saturated in Si and Al might be temperature -dependent, 


though at higher pressures octahedral Si might be significant. 
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However, the only suggestion in Table 11 that this is so is that the 
Al,O3 content of low-grade rutiles is generally higher than those near 
the cordierite isograd. None of the other elements exhibit any grade- 
dependence. 

Sulphides. Pyrrhotite is the dominant sulphide, though 
it is usually subordinate in amount to the titaniferous oxides. Itis 
commonly closely associated with traces of chalcopyrite and some- 
times pyrite. In three analyses of pyrrhotites and two of chalcopyrites 
the elements Si, Ti, Al, Mn and Mg were found in concentrations from 
Del~02 02. per cent, 

Comparative discussion. This assemblage of oxides 
and sulphides is rare. Kanehira etiel. (1964) demonstrated that the 
assemblage ilmenite + pyrrhotite + graphite was characteristic of low- 
grade meta-pelites in low-pressure facies series. The assemblage 
in the Prosperous Lake rocks is the same except in that rutile is also 
pHesent. Ilmenite and rutile are recorded together by Evans and 
Guidotti (1966), Westra (1970) and Rumble (1971). Of these authors, 
only Westra reported paragenetic details, demonstrating that the rutile 
preceded the ilmenite-hematite minerals. The same explanation 
applies to the Prosperous Lake rocks. It is shown below that ilmen- 
ite was a reactant and rutile a product in the reaction which formed 
biotite. Thus the Burwash Fm. rocks originally contained the char- 
acteristic opaque mineral assemblage for their metamorphic style, 
but partial reaction of ilmenite to rutile later led to the unusual 


coexistence of these phases. 
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CONTROLLING ROLE OF METAMORPHIC GRADE 

The figures and discussion above leave no doubt that 
metamorphic grade (primarily metamorphic temperature) was a prin- 
cipal control of mineral composition. It does, however, seem to have 
operated to different extents on different mineral groups. The 
observed compositional response to increased grade was a maturation 
process consisting of one or more of the following factors: 

1. Typically there is a progressive change in elemental 
concentration towards higher grades (e.g. Fe in 
mMuscovete@itg. ZOyP: 

2. There is commonly a pro-grade narrowing of the 


iVI 


range of composition (e.g. A in muscovite). 
3. Ina few instances the range of composition seems 

to increase with grade (e.g. ALY! in biotite, Fig. 

yy 
The first of these factors is readily explained in terms of the most 
stable composition at progressively increasing temperature. Thus 
the pro-grade approach to ideality exhibited by the muscovites simply 
reflects relative instability of phengitic muscovites at high tempera- 
tures (Velde, 1965). 

The progressive narrowing of the compositional range 
is, however, more difficult to explain except in the special case of the 
plagioclases (see above). For the other minerals the following cause 
is suggested. At low grades host-rock composition was an important 
control but it was gradually superceded, at higher grades, by temp- 


erature. Thus slightly different host-rocks initially developed com- 


positionally distinct metamorphic minerals, perhaps asa result of 
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having different proportions of the reactant phases. This range of 
composition was tolerated at low temperature but increasingly 
restricted as temperature increased. For example, local variations 
in the proportions of muscovite-forming phases may initially have 
produced variably phengitic muscovites. As temperature increased 
the tolerable range of composition was restricted (Velde, 1965) so 
that the most phengitic muscovites became less so and the range 
gradually narrowed. 

Control by metamorphic grade operated differently on 
different mineral groups. Thus meta-greywacke biotites exhibit 
primarily linear compositional changes (factor 1 above) with little 
sign of convergence (factor 2); meta-pelite biotites and chlorites were 
only slightly affected by increased grade; the muscovites display a 
combination of the linear and convergent trends. The reason for this 
is not clear but it seems probable that increased temperature would 
influence mineral composition if the following two conditions both 
applied: 

1. A change in composition is energetically favourable. 
2. Such a change is not prevented by other controlling 
factors. This is most likely to be a bulk composi- 
tional control. 
It has been experimentally and empirically shown (e.g. Velde, 1965; 
Cipriani et al., 1971) that it is energetically favourable for muscovite 
to approach compositional ideality as temperature increases. The 
fact that this has demonstrably occurred in the Prosperous Lake rocks 
implies that no other control prevented the process. For example, 
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Since meta-greywacke biotites exhibit pro-grade com- 
positional changes and meta-pelite biotites do not, it seems that the 
pro-grade maturation was energetically favourable but was prevented 
in the meta-pelites. The most likely cause of this prevention is the 


bulk composition and this aspect is investigated further below. 


CONTROLLING ROLE OF ROCK COMPOSITION 
The Rock Compositions 

Analyses of composite samples from this area are to 
be found in Boyle (1961) and Henderson (1972). Folinsbee (1942) and 
Tremblay (1952) also made analyses of equivalent rocks from higher 
metamorphic grades. Table 2 presents new analyses of fourteen rocks 
and their compositions are graphically compared in Fig. 13. The 
meta-greywackes have a larger range of Al,O2 content and generally 
higher proportions of (Na,O + K,O) and SiO» than the meta-pelites but 
have similar MgO/(FeO + MnO). The two analysed rocks of the Walsh 
Fm. have SiOz contents comparable to the meta-~greywackes but are 
similar to the meta-pelites in AlyO3 and KxO components. They also 
are much poorer in CaO than the Burwash Fm. rocks. As pointed out 
by Henderson (1972) all these rocks display the high FeO/Fe 502 and 
Na,0/K,0 ratios characteristic of greywacke sequences and the meta- 


greywackes and meta-pelites differ in Na, 0/K,0 fatio’ (Table 2). 


Influence on Mineral Composition 


Although there are no gross differences between min- 
erals from Burwash meta-pelites, Burwash meta-greywackes and 
Walsh Fm. rocks (Figs. 16, 17 and 18) there are subtle distinctions 


between them. The meta-greywacke chlorites have marginally lower 
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Al,O, contents than the others, reflecting a lower availability of that 
element (Tables 8 and 2). The meta-greywacke biotites are more 
variable than those from meta-pelites (Fig. 17) and have generally 
higher si/AllV (Fig. 19). The muscovites are more variable in the 
meta-greywackes particularly in Al/(Fet+tMg) (Fig. 17) and Al/Mg 

' (Fig. 18), and the total X-site occupancy is lower in meta-pelite mus- 
Sov ites (Miget20_¢f g Butlen, 1967, p. 252). Muscovites in the Walsh 
Fm. are distinct by several parameters (Fig. 20), notably in having 
higher AlY!/Mg, A1V!/Fe and Na/K. These distinctions directly 
reflect the higher Al/(Fet+tMg) and Na/K ratios of the Walsh Fm. rocks 
(Fig. 13 and Table 2). There is, however, no apparent reason for the 
larger X-site deficiency which they also display (Fig. 20). 

Host-rock composition was the dominant control for tne 
plagioclases and probably for the chlorites (above). The controlling 
mechanism for the former has been deduced above and a comparable 
effect applies tatite chlorites. These were paragenetically earlier 
than biotite (below) and when formed they were therefore the only 
abundant Mg-rich phase. While Fe might have been accommodated in 
oxides, effectively all the Mg had to be incorporated in chlorite. Thus 
the-Mg/Fe ratio of the rock would be a very important control, sup- 
pressing any tendency for pro-grade increase of Mg/Fe. 

Since the mineral assemblage is the same in all the Bur- 
wash rocks, the observed differences cannot be attributed to competi- 
tion by other mineral species (Butler, 1965 and 1967), but this remains 


a possibility for the biotite-free Walsh Fm. samples. 
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Influence on Pro-grade Maturation of Minerals 

In several instances minerals in meta-pelites and meta- 
greywackes exhibit different response to increased metamorphic grade 
(Figs. 19 and 20). 

Biotites in the meta-pelites show less compositional 
maturation than those from meta-greywackes. The different trends 
for Na reflect the higher Na,O/(NazO + KO) ratios of the meta- 
en which apparently resulted in more Na being taken into 
the X-site. This implies that pro-grade increase of Na was the fav- 
oured trend but was prevented in the meta-pelites because of insuffic- 
ient Na supply. The pro-grade decrease of K in meta-greywacke 
biotites is partly due to increased Na, but the X-site total also 
decreases so this is not the sole cause. Perhaps another element 
(e.g. Ba or Rb) was available only in meta-~greywackes and increas- 
ingly occupies the X-site. The increase of Mg/Fe in the meta- 
greywacke biotites is probably the favoured trend (Lambert, 1959), 


but it is not clear why the same is not observed in the meta-pelites. 


Conclusions 

The controlling role of bulk composition in rocks of 
this type is not agreed. Butler (1967) found it necessary to subdivide 
his analysed micas into those which coexisted with epidote and those 
which did not, but otherwise believed bulk composition to have had 
negligible effect. Guidotti (1969), however, reconsidered Butler's 
data and concluded that bulk composition would have a significant effect 
on phengite Gore poenien in certain mineral assemblages. Velde (1965) 


and Brown (1968) indicated that phengite composition was strongly 
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controlled by bulk composition but Velde (1967 and 1968) suggested 

that the Si content of phengites was largely independent of this control. 
Makanjuola and Howie (1972) have maintained that there is a controlling 
influence on a variety of minerals by rock composition. This conclu- 
sion is, however, based on positive correlations between compositional 
parameters in minerals and rocks and should therefore be treated with 
suspicion. 

There is no doubt that the bulk composition has influ- 
enced the compositions of the minerals at Prosperous Lake. The 
observed effects (above) exemplify general circumstances under which 
such control may operate: 

1. Large differences in mineral composition may be 
expected when bulk compositions aaa sufficiently 
to develop distinct mineralogies. Mineral compo- 
sitions may then differ as a result of formation by 
aiaeaent reactions or competition with different 
mineral assemblages (e.g. chlorites and muscovites 
in the Walsh and Burwash Fms.; Cooper, 1972, 

Hig ics por ow ny lo Or eb ie lly Hermes. (1973, Figs: 
6) and 7). 

2. Within a suite of rocks of one mineral assemblage 
subtleties of bulk composition are not only reflected 
in varying modes but also in mineral composition 
(e.g. muscovite X-site occupancy is generally higher 
in meta-greywackes than meta-pelites; see Fig. 20). 

3. Subtleties of bulk composition in a rock suite of one 


assemblage can alter or prevent the pro-grade 
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compositional maturation of the minerals (e.g. the 
different maturation trends of meta-pelite and meta- 
greywacke biotites; see Fig. 19). 

4. If only one mineral rich in a particular element is 
present (and has a variable composition) its compo- 
sition must be influenced by the abundance of that 
element in the rock (e.g. Ca and the different plag- 
ioclases of the Walsh and Burwash Fms.; Mg and 


the variability of the chlorites). 


CONTROLLING ROLE OF PRESSURE 

The influence of pressure can only be evaluated by com- 
parison with other metamorphic terrains. The Prosperous Lake mus- 
covites have compositions typical of high thermal gradient terrains 
(see Cipriani et al., 1971, p. 27) with low celadonite contents. The 
similarity of biotite compositions from different pressure regimes 
(compare Table 2 with Butler, 1967, and Brown, 1967) indicates that 
pressure is not an important control of biotite composition. However, 
two features of these biotites may be consequent on the pressure con- 
ditions because they are not normally found under higher pressure 
gradients: (1) the grade-dependence of the X-site deficiency and (2) 
the pro-grade increase of Na in meta-greywacke biotites. The com- 


positions of the chlorites are independent of the pressure regime (com- 


pare lable 4 with data in Mather, 1970, and Brown, 1967). The opaque 


mineral assemblage is that characteristic of low-pressure greenschist 


facies in Japan (Kanehira et al., 1964) except that rutile is also present. 
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CONTROLLING ROLE OF FLUID COMPOSITION 
It is impossible to examine this problem directly but it 

seems likely that the composition of the fluid medium influenced the 
composition of the minerals crystallising init. It is therefore criti- 
cally important whether there was a progressive change in fluid com- 
position across the aureole, i.e. whether fluid composition within 
restricted systems was determined internally (closed system behav- 
iour) or externally (open system behaviour). For example, the 
emplacement of the central pluton may have caused a radial flow of 
fluid whose composition would have been progressively modified by 
interaction with the host rocks. This would lead to changes in mineral 
composition only apparently related to metamorphic grade. There is, 
however, considerable evidence against this possibility. For instance, 
the pro-grade changes in muscovite are similar to those observed in 
regional metamorphic terrains where no central pluton was present to 
induce fluid migration. Thevsame applies to several of the changes in 
biotite composition. Further, the small volume of fluid relative to 
solid in these non-porous rocks suggests to this author that fluid com- 
position would probably be locally buffered by the bulk rock composi- 
tion, Thus the CO, content would be buffered by the presence of graph- 
ite and the redox properties by the ferrous : ferric ratio of the rock. 
Even if these buffered fluid compositions depended secondarily on 
temperature they would be locally, rather than externally determined. 

; It seems probable, therefore, that externally controlled 
changes in fluid composition were not important in determining mineral 
compositions in this particular rock suite. No doubt the presence of 


fluid was critically important in determining rates and volumes of 
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reaction, but its composition was determined by mineralogy, rock 
composition, pressure and temperature, which were therefore the 


ultimate controls of mineral composition. 


THE CONTROLS OF MINERAL COMPOSITION 

Considering metamorphic rocks in general the controls 
of mineral composition may be divided into two types: (1) those which 
permit the existence of the mineral and (2) those which modify its com- 


position. 


Permissive Controls 
These are well known through the evolution of the facies 
concepts i They are: 

lL. eHnergeticicontrols,) The appearance, of a mineral jis 
absolutely dependent on the physical conditions being 
within its field of stability. The obvious factors are 
Peandt h but the partial pressures of the various gases, 
therpH.of thensystem;fetcm,wmeayvbe equallyamportant. 

2. Crystallographic controls. If the energetic controls 
permit appearance of the phase, it is then essential 
that adequate supplies of the required Seen be 
available. What constitutes an 'adequate supply' is 
crystallographically controlled in that elements must 
be available in approximately the correct proportions. 
(Availability is not simply a function of bulk composi- 
tion but also of metasomatic activity, reaction relation- 
ships, etc.) The crystallographic control is therefore 
approximately equivalent to a control by suitability of 


rock type (though not compositional subtleties within 
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that rock type) and to the 'bulk compositional control' 
commonly cited with reference to ACF and AKF 


diagrams. 


Modifying Controls 
For minerals of fixed composition, the above controls 
are sufficient to determine their presence or absence. When mineral 
composition is variable the permissive controls (above) determine the 
appearance of a mineral but not its exact composition. There are 
several important modifying controls, often acting simultaneously. 
The extent to which each operates ona particular mineral group is 
very variable and it is probable that the controlling factors operate to 
different extents in different physical environments. In other words, 
the relative priorities of these factors are different for different min- 
erals in the same metamorphic terrain and probably for the same min- 
erals in different terrains. The main modifying controls are: 
3. Paervcreon. In rocks of similar type but diiferent min- 

eral assemblage mineral compositions are determined 

by different 'networks' of partition equilibria and may 

difier as a result, 

4. Crystal chemistry. The demands of electrical neutral- 

ity must sometimes result in modification of the mineral 

eompositionss. lf, for instance, increased temperature 

requires the substitution of Al>* for Me** in muscovites, 

the crystallo-chemical control necessitates simultaneous 


changes in other elements. 


5. Metamorphic grade. Within the stability fields of 
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the minerals metamorphic T and P commonly 
impose a gradual compositional maturation. 
6. Bulk composition. Within a given bulk compositional 
field subtleties of bulk composition can exert marked 
control. 
7. Modal proportions. It is shown in the following 
section that the modal proportion of minerals in 
rocks of very similar bulk chemistry may influence 
mineral chemistry. This may be a consequence of 
partition relationships or simply a reflection of the 
reaction control (8, below). 
S&. Reaction relationships. lt also appears from the 
next section (Fig. 26) that the composition of a min- 
eral participating in a reaction may change progress- 
ively with the extent of that reaction. 
9. Others. It is probable that other controls also 
operate (e.g. externally buffered fluids). 
Iv is suggested that all of these factors may operate together, in simi- 
lar or opposite sense. In particular circumstances one may be domi- 
nant and modify or even prevent the operation of another, but this is 


no guarantee that the same priorities apply in other circumstances. 


THE ORIGIN OF BIOTITE 

As mane above, the biotite isograd ~ not visible in the 
area mapped. Therefore the nature of the biotite-forming reaction 
must be deduced indirectly using data on mineral chemistry, modal 


proportions and textural relations. 
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ie P roblenx 

Despite the zonal significance and ubiquitous occurrence 
of ‘biotite, its Origin in*the @réenschist’ facies hasnever been fully 
resolved. It is generally accepted that the reaction involves the addi- 
tion of elements (mainly K, Si and Ti) to chlorite but the following 
major problems persist. (1) What i the sourceé-of these elements and 
are they derived from a single reacting phase? (2) Do the reactant 
phases change in composition during the reaction or are they simply 
consumed? (3) Are there any subordinate reaction products and, if so, 
what are they? 

C. E. Tilley initiated the controversy in 1926 when he 


concluded that biotite was formed by the reaction 


K-rich Muscovite + Chlorite + Quartz ——», 


Biotite + less K-rich Muscovite + HO 


Then, until about 1965, petrologists swung to the opinion 
that chlorite changed composition during the reaction. This was sug- 
gested by numerous workers including Turner (1948), Ramberg (1952), 
ryfe,°?Turner and Verhoogen (1953), Turner and Verhoogen (1951 and 
1960), Barth (1962) and Winkler (1965). The suggested reactions gen- 


erally conformed to that suggested by Winkler (1965): 


Muscovite + (Mg, Fe)-rich Chlorite ———> 


Biotite + Al-rich Chlorite + Quartz + HO 


Recently, however, abundant compositional data on 
greenschist facies minerals have become available and it is apparent 


that chlorite composition does not, in fact, change during the reaction 
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(e.s. Chinner, 1960, p..212; Brown, 19607). With the formulation and 
clarification of the phengite problem (Lambert, 1959) attention has 
been re-focussed on the role of muscovite in the production of biotite. 
Yoder (1959) suggested that Si-rich sericite would react with chlorite 
to give biotite and muscovite. A comparable reaction was experimen- 
tally demonstrated by Winkler (1962) and the idea was developed fur- 
ther by Ernst (1963) and Mather (1970). There is, however, some 
contrary evidence suggesting that muscovite composition does not 
change during the reaction. For example, Brown (1967) concluded 
from numerous analyses that neither chlorite nor muscovite changed 
in composition. 

There have also been suggestions that other phases are 
reactants. Thus it has been suggested that the required K and Si are 
derived from K-feldspar (Ernst, 1963; Winkler, 1965; Mather, 1970; 
Brown, 1971) and McNamara (1966) believed the K to be derived from 
aqueous KOH solution. There have also been suggestions that oxide 
phases are involved. Harker (1939, p. 214) listed magnetite and rutile 
as reactants and Deer, Howie and Zussman (1962, p. 71) mentioned 


and £ utile: 


‘iron ore 
The definitive study at present is that by Mather (1970) 
who reviewed previously suggested reactions and showed them to be 
unsatisfactory. He then demonstrated two important facts: 
1. Muscovite coexisting with biotite is less phengitic 
than that which is not. 
2. The composition of the muscovite is critical in | 


defining the range of rock compositions in which 


biotite may appear. As the muscovite becomes 
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less phengitic at higher grades the variety of rocks 
which may contain biotite increases. 

It is not entirely clear what reaction Mather envisaged 
for the formation of the biotite and there appears to be some contra- 
diction in what he has written: 

p. 263 and 267... The assemblage chlorite + phengitic 
muscovite + microcline breaks down to yield chlorite 
+ biotite + less-phengitic muscovite. With increasing 
grade (and complete removal of microcline?) the 
stability field of the biotite-bearing assemblage is 
enlarged and biotite is produced by a new reaction 
between phengitic muscovite and chlorite yielding 
less-phengitic muscovite, chlorite and biotite. 

p. 267 and 268 . . . The sequence of metamorphic zones 
is described as follows. 

'Zone 1: chlorite and microcline are . 

stable . 

Zone 2: chlorite and microcline react. 

Zone 3: chlorite and phengite react. ...' 

It is therefore unclear whether Mather believed the required elements 
to be derived from microcline alone until it was all removed and then 
from phengite, or whether microcline and phengite were simultaneous 
reactants. As Mather was obviously aware in setting up the zones, 
this point is critical in determining the reaction isograds. It also 
implies a fundamental difference between the biotite isograds of ter- 
rains where microcline is present and those where it is not. 


It was with the above problems anc disagreements in 
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mind that the following investigation of the origin of biotite at Prosper- 


ous Lake was designed. 


The Data 

Modal analyses of the rocks are given in Table 12. The 
accuracy of these determinations is estimated as TOES per cent (see 
Appendix). Data on the mineral chemistry of these rocks is given 
above. 

Some use is made below of graphs correlating variables 
subject to the closure effect (Chayes, 1971). In view of the ranges of 
percentages in these graphs the correlations are believed to be signi- 
ficant but evidence from them is deliberately restricted to supportive 


vather) thanicrucial roles inthe argument. 


ahe Participant Phases 

Biotite. The habit of biotite.is variable. In some rocks 
it occurs as subhedral plates with weakly preferred orientation; in 
others there are biotite-rich clots with minor chlorite or oxide min- 
erals. In many rocks, particularly meta-pelites, it occurs as large, 
slightly poikiloblastic porphyroblasts commonly associated with rutile 
(Plate 3B). Some biotite flakes have quartzo-feldspathic peripheral 
zones deficient in chlorite and muscovite or are associated with 
unusually coarse quartz grains. In the extreme case this yields 
quartzose augen surrounded by biotite (Plate 3F). Biotite formation 
clearly post-dated that of chlorite and muscovite and the textures sug- 
gest that rutile and quartz were also involved in the reaction. 

Biotites in meta-greywackes show systematic composi- 


tional changes with metamorphic grade but those in meta-pelites do not 
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Photomicrographs of biotite zone rocks. 


(KEY : bi = biotite; mu = muscovite; chl = chlorite; rut = rutile; 


ilm = ilmenite; co = cordierite; gt = garnet; st = staurolite. ) 


A. General view showing blastopsammitic texture of a typical biotite 
zone meta-greywacke. Sample G-14. Crossed nicols. 


B. Biotite and rutile porphyroblasts and a fine-grained, lepidoblastic. 
(kinked) matrix of chlorite and muscovite in a typical biotite zone 
meta-pelite. Sample P-5. Plane polarised light. 


Cc. Rutile porphyroblast in sample P-+4. Biotite, quartz and 
K-feldspar are associated with the rutile. Note that the lepido- 
blastic matrix foliation has been deformed by the rutile. Plane 
polarised light. 


D. (1) Ilmenite grain with embayed outline suggestive of corrosion. 
Sample P-14. Retlectediient, 
(2) Composite rutile porphyroblast. Sample P-1l. Reflected light 


E. Chlorite(B-X) cutting across biotite grains in sample P-2. Plane 
polarised light. 


F. Quartzose augen surrounded by biotite in a fine-grained ground- 
mass. Note associated rutile. Meta-pelite. Plane polarised 
light. 


G. Example of a 'stable' clastic plagioclase grain in a meta- 
greywacke (see text). Sample G-14. Crossed nicols. 


H. Example of an 'active' clastic plagioclase grain in meta- 
greywacke G-14 (see text). Crossed nicols. 


PLATE 3 


‘hee! Rees 


(Fig. 19). Figure 24 shows the corollary of this -- when biotite com- 
position is plotted against biotite mode the meta-greywackes show no 
correlation but the meta-pelite biotites display increasing ALVI/(Fe tf 
Mn + Mg) as biotite mode increases. This problem is discussed 
further below. 

As the principal reaction product the amount of biotite 
presentiis.a measure of the extent of reaction (e.g. Everett, 1959, 

p. 98) since the rocks were biotite-free before the reaction occurred. 
The modal percentage of biotite is therefore used below as an index of 
the extent to which the reaction proceeded. 

Chlorite occurs as very small flakes in the ground- 
masses of both meta-pelites and meta-greywackes (Plate 3B and C). 
There is a slight tendency to lower chlorite modal percentages at 
higher grades (Fig. 29) but there is little compositional dependence on 
grade (above). 

Fin: 25 implies consumption of chlorite in the biotite- 
forming reaction. Graphs (not shown) of chlorite composition against 
biotite modal percentage indicate that chlorite composition did not 
change as the reaction progressed. The possible exception is that the 
chlorites of the biotite-free Walsh Fm. rocks have higher Fe/Mg 
ratios than those in the biotite-bearing Burwash Fm. which might be 
attributable to different host-rock compositions. 

Thus all the available information indicates that chlorite 
was a principal reactant phase but apparently did not change in compo- 
sition during the reaction. 

Muscovite. Small muscovite flakes (Plate 3B, Cand 


F) are abundant in the meta-pelites but less so in the meta-greywackes 
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FIGURE 24 : Relationship of biotite composition to extent of 


reaction as represented by the modal percentage of biotite. 
The ordinate axis represents atomic proportions in the 


structurdl formulae. The key applies also to Figs. 25, 
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FIGURE 25 : Mutual relationships of chlorite and muscovite 
modal percentages to biotite modal percentage. Symbols as 


in Fig. 24. 
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(Table 12). Muscovite abundance is not related to metamorphic grade 
but there is a broad antipathetic relationship between muscovite and 
biotite modes in meta-pelites (Fig. 25). This is at least compatible 
with consumption of muscovite during formation of biotite. 

Figure 26 shows that there are systematic relationships 
between the composition of muscovite and the amount of biotite present. 
(It might be argued that these trends are a result of both muscovite 
composition and biotite mode being related to metamorphic grade but 
the relative linearities of the trends in Figs. 26 and 28 and the fact 
that the Ti content of muscovite is not grade-dependent -- above -- 
suggest that this is not so). Figure 26 therefore implies changes in 
muscovite composition as the biotite-forming reaction progressed. 
These include the decrease of K suggested by Tilley (1926) and a 
decrease of (Fe + Mg + Mn) compatible with decreasing phengite con- 
tent (Mather, 1970 and Ernst, 1963), but no change in Si or Al cons 
tents is ippatenr They also'include increased Ti content and 
decreased total Y-site occupancy. 

Titaniferous oxides. The ilmenite in these rocks char- 
acteristically occurs as anhedral grains with embayed outlines (Plate 
3D):suggestive of corrosion. In some instances it forms subhedral 
plates aligned parallel to the groundmass foliation indicating paragen- 
etic contemporaneity with it. Ilmenite has not been observed in Walsh 
Fm. rocks,.but in the Burwash Fm. its modal amount is related to 
that of biotite as shown in Fig. 27 -- there is a marked decrease in 
the maximum ilmenite content as biotite mode increases, This is 
compatible with the textural indications that ilmenite was consumed in 


the reaction. However, the most substantial proof that ilmenite 
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FIGURE 26 : Showing dependence of muscovite composition on the 
extent of reaction as represented by the modal percentage of 
biotite. Only meta-pelites are shown because data from meta- 
greywackes had too limited a range to reveal trends. Points 
marked (?) fall away from otherwise well-defined trends. 
Ordinate axis graduated in atomic proportions. Symbols 
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participated is that rutile was co-genetic with biotite (below) and the 
Ti content of the biotite is higher than that of either the chlorite or the 
muscovite. A Ti-rich reactant is therefore mandatory and the nature 
of the rutile proves that it was a product not a reactant. 

The rutile commonly occurs intergrown with the ilmen- 
ite or closely associated with it, but more typically is alone. It forms 
small anhedra (including flakes on biotite cleavages), short prisms, 
or the very characteristic composite porphyroblasts depicted in Plate 
3C and D. These are typically associated with biotite porphyroblasts 
and, in some instances, deform the groundmass foliation (Plate 3C). 
In the Walsh Fm. the rutile occurs as tiny anhedra very distinct from 
those of the Burwash Fm. and none of the composite porphyroblasts 
have been observed. Thus there is very little doubt from the textural 
relations that rutile was co-genetic with biotite and it is therefore not 
immediately apparent why there is a marked negative correlation 
between the modal amounts of rutile and biotite (Wicca). ot hisucorre- 
lation might simply be due to the closure effect (Chayes, 1971) but 
alternatively might indicate that rutile was simply produced in whatever 
amounts were required to take up the Ti which could not be accommo- 
dated in biotite. Where biotite is abundant these excesses were small 
and little rutile was formed. This implies, of course, that the amount 
of ilmenite decomposing was not controlled by demand for Ti. 

The above features clearly indicate that ilmenite was 
present before the appearance of biotite and was consumed in the reac- 
tion, while rutile was a secondary product co-genetic with biotite. 

The absence of biotite in the ilmenite-free Walsh Fm. rocks tends to 


confirm that ilmenite was essential to the reaction. 


22 


gilt bas (wotsd) otisaid sie aitenag-09 ase al 
oft vo etrretts. alt) elite be Sodd mths, sogid alt 
eupinn oft bas yroinbase esol redt “2 mmaees Aoiactt x | feud 
Iastomet 5 fon jouborg fi caw tana wov i" 

~ieatli ai) iw wwoxgsetni-eiuyee ecseeee, alii oat 
ante! ‘1 adele at yr ogy? ar tas ai thw betsisoaas vole 
| aainiei oe taorle ee aa PRE sito id 10 evoked ‘gribuitoat) sl es) 9 ol 
sigld oi bataiqeh ates Jdonydquad atieoqmnos siniatsenaite : 
viele ‘ a fo whiaehd diiw borainddd & iladigy? oe sd 
ACHE sone 2) nwbinilo® sb cicnlaghtonty ‘auld bnoinb, sapzacteai 
caott tondiath yey sibsdes yelt es INI 90, lint Srid ae ot 
Ghaldos wie 1d stiaeqentey alt bo eifon beste ot dguizo8l ost 
tastnicns ld gees i tds ays) oly ) yxev.al Syed aud pare: ee 
Ion Hato rst ei ti Bee siitoid rr, niionageon snd sts heey oie 

| Hor sisitg> ovlaygen babeper 4 ed axony xilie 20 tRa gE | i 
wntos wit? (TS unt) sted baw olttun to ba 16 Peper ye 
jon (ITOL ,asyedD) toate btieola add Be ‘sub ad xqruia sie 


Svadeiw ai baoirhe xq diqeais RAW are. ies stm oibai tytn yis 


ob! eae eee 


x 


“<omimoses od tur binos otatiw il oat qw sole oy boriupet 270m e 
fms stew e9eensxo seed? ran baud wi Meveryd ered W .stitold mu bated 
Luin wilt tet yon s009, to 498i aut sbouerot a5W olivert sista 
AT 10) bream re) boltortacn 00 ae antnogarozsb, pial to - 

BW otisereil fads mwieoldat ulenets eoruts2} aves of nawa) | 


<ofo7 ott mi Pobivanon asw bas oto to sonetesgge os oxoled: bene 


ea 
atitord (iiv obfamag-o towbeag YtabaD pees saw slits oftdw. .aold : a 
GH whmes 04 ct delaW oathwonienpenth wee sa istisahh sol aeailet i 


@itsgor aft ot igitnens esw: stings said mrtinos’ 


~, 
x 


Modal %—> 


— IIlmenite 


0.5 


~ 2 
fo) o 


= 
oO 


— Rutile Modal 7 —> 


Biotite Modal 7 


FIGURE 27 : Illustrating the relationship of ilmenite and rutile 
modal percentages to biotite modal percentage. Symbols as 


in’ Fig: 24; 
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Potassium feldspar. K-feldspar occurs in the fine- 
grained portions of these rocks but never as clastic relics. Secondary 
K-feldspar is also present in most of the rocks from this area in small 
amounts localised along veinlets or associated with chloritised biotite. 
(The secondary K-feldspar and the altered biotite do not hinder the 
study of these rocks because they are so readily recognised and 
avoided.) The primary K-feldspar exhibits several significant textural 
features. It is occasionally found interleaved with biotite or included 
in biotite poikiloblasts. It is very commonly associated with rutile 
porphyroblasts and occurs in some quartzose augen. These features 
suggest that K-feldspar was a by-product of the biotite-forming reac- 
tion. 

Plagioclase and quartz. There is no evidence that 
plagioclase participated in the reaction but the abundance and diverse 
habit of that mineral might obliterate such evidence and its participa- 
tion cannot be ruled out. Quartz, however, displays textures sugges-~ 
tive of being co-genetic with biotite, forming augen (Plate 3F) 
associated with biotite or occuring as quartzose rims round the biotite 


porphyroblasts. 


The Reaction 
The evidence above leads to the conclusion that the 
operative reaction at Yellowknife was a complex process approximated 
by: 
Chlorite + Muscovite(1) + Ilhmenite ————» 
Bictite + Muscovite(2) + HzO + [Rutile, Quartz, 


K-feldspar | 
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Chlorite did not change in composition but was simply 
consumed as the reaction progressed. Muscovite was consumed but 
that remaining suffered compositional changes. The composition of 
the biotite produced was dependent, at least in the meta-pelites, on 
the extent of reaction. Rutile and probably quartz and K-feldspar were 
produced only in amounts necessary to take up excesses of elements. 
The role of K-feldspar is uncertain except in that it was co-genetic 


with rutile and biotite. 


Discussion 

Mechanisms. The mechanism of a reaction in whicha 
reactant is partially consumed and also altered in composition must 
be complex. Figure 28 is a simplistic model for the transfer of 
material in such a reaction, illustrating two discrete stages in the 
continuous process. Decomposition of muscovite (1) apparently liber - 
ated elements in proportions rather different from those required for 
the conversion of chlorite to biotite. The resultant excesses (and 
deficiencies) were accommodated either in muscovite (2) or in 
K-feldspar and quartz. Excess Ti liberated by ilmenite decomposition 
was similarly fixed as rutile, though Fig. 26 suggests that a little of 
it was taken up in muscovite (2). Muscovite (2) was then the reactant 
for the next step of the continuous process. This model fails to explain 
the dependence of biotite composition on the extent of reaction (Fig. 24). 
No entirely satisfactory explanation for this is apparent. Possibly in 
rocks where the extent of reaction was large the depletion of reactants 
(e.g. ilmenite) caused a paucity of elements (e.g. Fe) so that biotite 


composition deviated from the optimum to accommodate this shortage. 
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FIGURE 28 : Simplistic diagram illustrating the suggested transfer of elements during 
the conversion of chlorite to biotite. It attempts to explain the features of Figs. 
24 to 27 which suggest that the reaction involved both changes in amounts of the 
phases and (in some cases) compositional changes in them. Dashed lines indicate 
excesses of elements and the sizes of the circles indicate crudely tne amounts of the 


phases present. Three stages in the continuous process are shown. 
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Termination of the reaction. Figure 29 shows that the 
extent of reaction varies widely at any particular metamorphic grade. 
The reaction was not, therefore, simply a continuous process whose 
balance shifted to the products at higher temperature, and some other 
control must have operated. The most likely cause of termination of 
the reaction is the removal of one reactant. However, only 53 per 
cent of these rocks effectively lack one reactant (i.e. contain less than 
0.3 per cent modal). Only another 6 per cent have two reactants pre- 
sent in such small amounts that they might be isolated from one another 
(i.e. totalling less than 3 per cent modal). Clearly there are many 
rocks in which all three reactants are abundantly present. The follow- 
ing reason is suggested. When conditions of incompatibility were 
reached, there was rapid reaction of incompatible phases in effective 
physical contact. This ceased when two reactants became separated 
but increased temperature and duration of metamorphism permitted 
diffusion of components from increasing distances. In time one reac- 
tant would have been completely removed by this mechanism but the 
system was cooled before this was achieved. Thus the wide range of 
modal percentages in Fig. 29 and the coexistence of reactants in some 
rocks is due to effective isolation of reactants while the second-order 
pro-grade increase in biotite content is due to more complete reaction 


by diffusive processes. 


Comparison with Previous Studies 
None of the numerous proposed reactions which involve 
(6 


changing chlorite composition (e.g. Ramberg, 1952; Winkler, 1967; 


Turner, 1968) occurred in the Yellowknife rocks. There is, however, 


aiid jadt ewors 5: ana sy 39% ry, { 2 soit 
Sbexy aitig tONTE TORE Spivoidnae “as, te qisbiw 
BYOUEMAOS & lepers soxchorsdt pee bad 
stiip pager 24 see ta exoubarq comes 
te Noirs piper! 1 SO BD (eons Seon aT “beads rege saved 32 
. sowewel hindomet 99 io Levornet out Wii 
6.1) mse i ont dovirsaiaiogt von 
a) eyed t9 tage radlsore ya _fteborn in99 9 
wHtcas oh fort betalowl “ia. men wot isdt ahveeriras: Msrne 
“yaned ore exidt yixest AtahipaEeaeg 100, § madd eas) a 

| xy yitnebawds O6e Banton on gorit | ‘ts aha 
woont Te ancittnbads nat /betep gun elf 


ele ijn itroonti * rohogst bide, saw ono 


med OF. eh OO ay 
= is 


¥ 


tautto ottme bie 


ay @1iRIDSSO" 


swtsoltielt adT ~ neee 
ee hs re id a 


geipootio af eoRsng 


‘p) 59 + owt groclw besses aiet aosiaon't 
tyes! met oy rel fox unriaege 16 warren ‘bas sasiterocraes bees 


~>p0t gam omtiial «4 angie tb gnieeesont mie ataonegeuo2 a 


pd tod ste fanitsase abet usd baworne viate lgutto? 99d oved B 


 seaviatshou aw wide protad teuees 7: 


le ALOK gbiw ods aul’ 


behiatgae Sone o9d 6&3 
ee ae 


< enieneli: 29 atando nny +e somateiases od? ‘ba es ert ai sogeinaaiog ls 
erdbndase | at. olidw asjanvowet ho astinies? evitvelts ot Sub ms 
i oui ai tyaino> stizeld. at. peaozaat obsta~< 


) ry aaeenoor eee 


iit vee sinigenos Stomt © 


\ 


pybkivand Hatdw sqoitsser bovoigont worsen ot to ‘enol earn. Ay ee 
—— nen SOL anomie d Be _») soltieoqsta’: ottaelds pal BE vs 
(eb oxsdT eda MndwolaY, a tear Caine 


cs 


| 40 0 { 
o2 
ae 2075 
8 E 
= 2 0g 
g 2 
= = 
.O = 
© 0 0G 
je en 0 
Cordierite Low Cordierite Low 
isogrod grade isograd grade 


<—_————— Metamorphic Grade 


FIGURE 29 ;: Illustrating the relationship between metamorphic 
grade and the modal percentages of chlorite and biotite. Only 
very broad trends are apparent (see text). The modal percent- 
age of muscovite shows no systematic relation to grade. Symbols 


as in Fig. 24. 
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little doubt that marked changes in muscovite composition occurred 
(cf? Brown,’ 1967). 

Little pertinent information is available on the partici- 
pation of titaniferous oxides in comparable silicate reactions. Evans 
and Guidotti (1966, p. 58) suggested that a reaction with ilmenite 
might account for increased Tiin biotites and Muller (1966) described 
the retrogression of biotite to chlorite, muscovite, ilmenite, rutile, 
sphene and hematite. This is similar to the pro-grade reaction sug- 
gested above and constitutes strong evidence for its feasibility. 

The reaction differs from that suggested by Mather 
(1970) in three ways. (1) Detrital K-feldspar is entirely absent and 
there was no chance for the first of Mather's reactions to occur. 

(2) The phengite content of the Yellowknife muscovites is small 

(Table 6) so that muscovite composition did not influence the condi- 
tions of reaction and biotite was formed at similar metamorphic grades 
in all rocks which contained the essential reactants: ‘This tele stoping 
of the biotite isograds in different rock compositions may be expected 
in all low P/T facies series. (3) The titaniferous oxides at Yellow- 
knife were involved in the reaction. Mather's Table 2 shows that his 
reaction cannot be balanced in terms of PI@Z and some source of Tiis 
required. Mather gave no information on the oxides present and it 
seems possible that ilmenite was also involved in the Aberfoyle rocks. 
This point is, in fact, of general application and many biotite isograds 


may involve titaniferous oxides as essential reactants. 


Conclusion 
Biotite originated in the Burwash Fm. by the complex 


reaction described above. While the identity of the reactant and 
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product phases is not surprising, it is the apparent complexities of the 
reaction which warrant much further work. In 1926 Tilley concluded 
a paper on rocks of this type by remarking that, ''The mechanism of 
mineralogical transformations in crystalline schists is something 
much more complex than is explained away by the customary simple 
equations.'' This is clearly still true for biotite-forming reactions. 

The most obvious unsolved complexities apparent from 
the above study are as follows: (1) Apparently a paucity of reactants 
where the extent of reaction was large caused the biotite composition 
to vary with the extent of reaction. Is this really the cause of the 


correlation between biotite mode and composition and is the effect of 


general applicability? (2) What mechanism accounts for both consump- 


tion and compositional modification of the reactant muscovite? (3) Why 


should muscovite be compositionally modified but not chlorite? (4) It 
has been suggested above that the minor reaction products were pro- 
duced only in amounts sufficient to take up elemental excesses which 
could not be accommodated in the principal products. This implies 
that the stoichiometric coefficients vary from rock to rock for the 
'same' reaction. Does the exact nature of mineral reactions depend 
on the relative amounts of the reactants present? (5) The formation 
of biotite at Yellowknife was dependent on the presence of ilmenite, as 
shown by the absence of biotite in the ilmenite-free Walsh Fm. Minor 
constituents, particularly opaque phases, have commonly been ignored 
in petrographic studies. Are they essential to many reactions and 
does their presence or absence commonly control the appearance ofa 


new phase? 
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LAE CORDIERITE [ISOGRAD 

The cordierite isograd has traditionally been used 
throughout the Slave Craton to separate two readily mappable meta- 
morphic zones (the biotite and cordierite zones) and consequently has 
been extensively mapped (e.g. Henderson and Jolliffe, 1941; Jolliffe, 
1942 and 1946). Kretz (1968) and Davidson (1967) have attributed the 
appearance of cordierite to the reaction of chlorite, muscovite and 
quartz to produce cordierite, biotite and water, but no detailed petro- 
- logical study has been made and there has been no specific study of 


the Prosperous Lake area. 


The Problem 

There are numerous possible reactions to account for 
the appearance of cordierite in pelitic and semi-pelitic schists 
(Schreyer and Yoder, 1961). Perhaps the most commonly suggested 


and the most clearly understood one is 


Muscovite + Chlorite + Quartz ———» 


Cordierite + Biotite + H50 


(Tilley, 1924; Winkler and von Platen, 1958; Schreyer and Yoder, 
1961: Hess, 1969; Seifert, 1970; ‘Bird and Fawcett, 197I)*' There 
are, however,” severe re strictions on the bulk compositions in which 
this simultaneous first appearance of cordierite and biotite will occur. 


Seifert (1970, p. 76) noted that it will only occur if the bulk composi- 


tion lies in the muscovite-chlorite two-phase field ir the AKF diagram. 


In more aluminous compositions cordierite will appear at lower temp- 


eratures; in less aluminous rocks biotite will appear first. Asa 
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FIGURE 30 : Mineral assemblages observed in the vicinity of the cordierite isograd, 


the resulting definition of that isograd and the locations of samples for analysis. 
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consequence of these restrictions, the experimentally established 
reaction (above) is unlikely to represent entirely the isograds of real 
meta-pelites. In particular, the prior appearance of biotite in the 
pro-grade zonal sequence is the rule rather than the exception and its 
effects on the growth of cordierite are not known. 

The Prosperous Lake cordierite isograd provides an 
ideal opportunity to study this problem. Biotite is present in rocks 
below the isograd, its compositional changes with grade are known 
(above) and the cordierite isograd itself is sharply defined and well 


exposed. 


The Isograd 

The cordierite isograd in the Prosperous Lake area 
was first mapped by Jolliffe (1942 and 1946) as shown in Fig. 4. It has 
been slightly modified in the small area where detailed study has been 
made (Fig. 30). 

At the isograd cordierite porphyroblasts (Plate 4A) 
appear in abundance over a very small interval of grade (Fig. 30). 
There is no particular rock-type in which the cordierite appears first, 
though commonly at any one outcrop it is present in some beds and not 
in others. Within the cordierite zone cordierite is ubiquitous but vari- 
able in amount and is absent from many rocks. 

Table 13 shows the relative frequency of mineral 
assemblages above and below the isograd. The following points are 
significant: 

1. While chlorite(A) and muscovite coexist in many 


rocks below the cordierite isograd, they have not 
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been observed together in cordierite-bearing rocks 

and very rarely so in cordierite-free rocks above 

the isograd. (The only two observed exceptions are 

from the same locality very close to the isograd. ) 

Minor amounts of chlorite (B-X) do coexist with 

muscovite above the isograd but its formation 

apparently post-dated the cordierite-forming reac- 

tion. 

2. Rocks above the isograd commonly contain either 
chlorite(A) or muscovite. 
3. Absence of both chlorite(A) and muscovite is rare 

below the isograd but much more common above 

it, especially in cordierite-bearing rocks. 
Table 13 therefore indicates that cordierite formed by reaction of 
chlorite(A) and muscovite. Both were essential reactants and the 
appearance of cordierite depended on their coexistence. Thus the 
cordierite-free rocks above the isograd are those which previously 
lacked either chlorite(A) or muscovite. In these rocks the chlorite(A) 
or muscovite persisted above the conditions of their mutual incompat- 
ibility (Tables 17 and 18). In most cases the cordierite-forming reac- 
tion was terminated by complete consumption of the chlorite, leaving 
excess muscovite; less commonly muscovite was completely consumed 
fir st. 


The role of biotite cannot be evaluated by these criteria. 


The Role of Biotite -- Petrographic Evidence 


The amount of biotite present above the isograd is simi- 


lar to that below it and there is no distinct difference between the 


oveds. ashen oe oti en 


otk snobiqaox® bovavedo ows i ee ony DST 
( .beeygort sila ott suoe vray cen amen me 


a 
itive Jaieooe etna) saisetitsibed AAD 


nuance adi vet bas geel, alt C 
~37691 oninnzo%- - HSER TOD ars porab-teog 


eee 


- qodtia nistics yinomunep be sgost ode avods hei 


uwrods natases ston tip yet tse. adage: sittin ve ta 
y ; . - ' < + iy : 
azsot ghifinad-sdineth soy i vllaivoges rae 


af 


lo mnrioes yal bs wrnol soz or sect “sya ne 


ey at bite atdindoew: iaienmual ou awe oh a : wna bas i eld 1 
‘anid, ariel eornste ineos stot HG: bebraqeb siivibos oo 
aia rer Holtw ceo ots bszgoat odd avoid eiloot 301} 

petit tatds oft ealsot seo? int srivooauin 36, (Mbt x08 


es _ shegetto se naaaerere shoul itr wskchp ities otf vei bonis v0 , 
sibior sift wabino andes at 481 bre TI eoldet) wi 


raat gubsstt oh «998s 
1 a ays 


(paivadt .ostsold> Sai to addigevjanes pee ed boteniarsat saw rolt 


hesinie> endo inan ashe \pthvas amare x iioiaieno> seal hve a | 
r ; : i ) ne oe 


\sbabitro semis yd adel sve sd fonips- ariv044 Lo oles oat ; ‘ il " oe 


oe) 


a 


one) 


ny as a i bly i es 7 i 
| C | | _ 
a? 
a9 om f opano colli an es hms tf woled tad? 02 3 
i fe n'y ha Ri lid nn 


RL Ce a are ok or mee ge 
assed : parva “_ mt) 


r 


gar 


z pr 
“wid 
, 

wel yas Os 


i 


oh 


POD DLLNTY QreRLIA OE tis tte 


wh ‘ 
aa 


PLATE 4 


Features of the cordierite, cordierite-garnet and sillimanite- 


staurolite zones. 


(OY Astor tates. ) 


(Ne 


B. 


Typical outcrop of cordierite-rich biotitic meta-sediments. 


Typical diffuse poikiloblast of cordierite with numerous inclusions 
in a meta-greywacke. Crossed nicols. 


Margin of a cordierite poikiloblast showing depletion of biotite 
within it and complete lack of marginal biotite concentration. 
Plane polarised light. 


Coarse interleaved muscovite and chlorite included in a cordierite 
poikiloblast. Note associated ilmenite and anhedral (corroded?) 
biotite. Plane polarised light. 


Euhedral garnet with few inclusions in a matrix containing biotite 
and rutile. Plane polarised tion 


Embayed garnet with relict euhedral shape. The embayments are 
filled by quartz and are thought to indicate corrosion. Plane 
polarised light. 


Large euhedral andalusite (var. chiastolite) porphyroblasts in 
biotite semi-schist from the Western shore of Prosperous Lake 
(Pig? 36), 


Optically continuous relics of corroded staurolite (location shown 
in Fig. 36) surrounded by abnormally coarse muscovite. Plane 
polarised light. 


, 
a 


arnt 


PLATE 4 


biotite contents of cordierite-bearing and cordierite-free rocks above 
the isograd (Fig. 31). This indicates that biotite was not produced 
co-genetically with cordierite. 

A similar conclusion is suggested by consideration of 
the cordierite poikiloblasts (Plate 4B, Cand D). Biotite is definitely 
depleted in these relative to the amount present outside them (Plate 
4C). The included biotite grains are also anhedral and reduced in size 
compared to those outside. Marginal poneentralion of biotite in the 
‘vicinity of the poikiloblasts is very rare. 

Although the above indicates that biotite was not pro- 
duced with cordierite, there is one possible point of evidence to the 
contrary. In some thin-sections there is evidence that two biotite 
generations are present. Kretz (1968, Plate IV) and Kamineni (pers. 
comm. 1971) have noted the same and it might be argued that the 
subordinate generation was co-genetic with cordierite. There is no 
marked compositional distinction between the two generations (Table 
14) and no evidence of an association between cordierite and either 
one. It is suggested below (Fig. 37a) that there was a sporadic early 
biotite followed by the principal biotite generation, both formed before 
the cordierite. 

The petrographic criteria therefore indicate that no new 


biotite crystallised with cordierite. 


The Cordierite Poikiloblasts 
Cordierite forms large (ca. 0.5-2.0 cm.), diffuse 


poikiloblasts with numerous inclusions and ragged margins (Plate 4B) 
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FIGURE 31 : Illustrating the modal percentage of biotite in rocks 


above and below the cordierite isograd. 
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which are often pinitised. These poikiloblasts have consistent textural 


features relevant to their origin: 


De, 


They include medium-grained muscovite flakes 
which are distinct from those of the exterior ground- 
masses both in appearance (Plate 4D) and composi- 
t10n (lable 15). 

Many poikiloblasts also contain large chlorite flakes 
which are petrographically distinct from chlorites 
not included by cordierite (Plate 4D). 

These included chlorite and muscovite flakes are, 

in some instances, interleaved, a feature never 
observed outside the poikiloblasts (Plate 4D). 
Almost all the poikiloblasts contain more ilmenite 
than is present in the groundmass. 

Round some cordierites there is marginal concen- 
tration of coarse chlorite or muscovite. 

Biotite in the poikiloblasts is greatly reduced in 
amount relative to the rest of the rock (Plate 4C). 
The biotite that is included is fine-grained and 
anhedral. There is no indication that pre-existing 
biotite was pushed aside and marginally concentrated 


during growth of cordierite (Plate 4G). 


The nature of the poikiloblasts therefore implies that biotite was con- 


sumed in the reaction (at least in small amounts where the poikilo- 


blasts are now situated) and that minor amounts of muscovite, chlor- 


ite and ilmenite were produced with cordierite. 
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TABLE 15: Micro-probe analyses (weight %) and structural formulae of 
cordierites, minerals included in cordierite and a pinite 
from the cordierite isograd, Prosperous Lake area. 


Inclusions in cordierite 


Muscovite 
P-17 P-19 


Chlorite Biotite 


P-19 


ye 5. 4. 6. 104 6.039 2. Dao Be aed 
0. 0. Is 1. 896 1.961 Wy Loree 
33 S\. Bi. 3. 876 3. 841 ls On9i4 
0. 0. 0. 0.020 0.024 0. O2199 
0. 0. 0. 0.085 0.081 Be oe 
0. 0. 0. 0. 000 0.000 0. 0.013 
is Le Ihe 0.088 0.078 (xe Z.095 
0. 0. 0. 0.003 0. 000 0. 0.002 
0. 0. 0. OFZ 29 0. 383 0. 0.067 
0. 0. (Oe 1. 520 1. 560 0. 1.805 

] 1 Ne 

4 4 Bis 


* Total Fe as FeO or Fe2t, 


xx Fe?t = 0, Tass: Fe2* = 2, 399 (Calculated as in Table 14). 


Ilmenites included in cordierite are given in Table 11. 
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TABLE 16: Mineral assemblages of rocks from the cordierite 
isograd in which minerals have been analysed. 


Mineral 


Cordierite 


Biotite 
Chlorite(A) XX O O XX 


Chlorite(B-X) 


Muscovite 


All assemblages include quartz and plagioclase. 


xx = 5% 
X= 025% 
O = Absent or Trace 


i 
Ye 
os 
“ - 
4 
* < 
ia 
; 3 
> +s 
i“ ~~ « o a + 
1 
i 
Fi 7 
fa 
wa 


sap alootynle Phir sianop 


- 


ae sar? 


% 
~ ~o 
| 
i 
- 
+ ar bith a “ah 
ei ay | ath 
‘ ) _ : iA al 
5 q hea 5) ni sy Y he La 4 . aa) \ 9) 
- : | : i bin? | 7 ie “ted ne? , 
ie . : -, 
. ; \F oe 
‘5 
Sal i ai in {i 
i a) 
¥ “3 a A ‘ i, 
: : c 
’ } i} tee 
i : 7 \ 
" : ) et A c ry ® + a ny a" i 
a ane E a i ee P 
: ay 
wa wa i ia 


at 2 i! an é A a r : 
a, 


; he ic on re “ye Soni ‘ nie 


Mineral Compositions 

Tables 14, 15 and 16 give mineral analyses and modal 
constitution for several rocks from the vicinity of the cordierite iso- 
grad (Fig. 30). Analyses of cordierite zone minerals from other 
areas are given by Folinsbee (1940, 1941, 1942). 

Biotite. The compositions of biotites in cordierite- 
bearing and cordierite-free rocks may only be compared with due 
reference to the controls exerted by metamorphic grade and rock 
composition (above). This is done in Fig. 32. The biotites from 
cordierite-free rocks conform entirely to the established pro-grade 
trends in mineral composition (above). Those in cordierite-bearing 
rocks, however, are generally distinctly, different’ (see also Fig. 34), 
notably in having higher Al!V/Si, Fe/Mg, Na/K and AlV! content. 
ihe brotite"included in cordierite exhibits evén greater deviations (in 
the same sense) from the trends for cordierite-free rocks. 

are 32 therefore leads to two important conclusions: 

1. The pro-grade compositional changes in biotite 
established in the biotite zone are further substan- 
tiated. 

2. The formation of cordierite led to distinct but subtle 
changes in the composition of biotite. When cordier- 
ite was produced the partition equilibria shifted so 
that biotite effectively supplied Si, Mg and K to the 
reaction in exchange for Al, Fe and Na. 

The two possible biotite generations described above 
are very similar in composition. The differences in composition 


between them are not consistently the same as between the biotites of 
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FIGURE 32 Illustrating the compositions of biotites above the 


cordierite isograd in relation to the pro-grade compositional 


trends previously established (Fig.19). Points below the cord- 


jerite isograd are transferred from Fig. 19. 
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cordierite-bearing and cordierite-free rocks, a further indication that 
the subordinate one was not co-genetic with cordierite. 

Muscovite. The muscovites included in cordierite are 
compositionally more ideal than those outside the poikiloblasts (com- 
pare Tables 15 and 3). They also contain markedly more Na than 
expected from the grade-dependent trends. 

Chlorite. All the analysed chlorites (Tables 14 and 15) 
conform to the established compositional trends with grade. The 
coarse chlorite enclosed in cordierite is slightly more Al-rich and 
has higher Fe/Mg than the groundmass chlorite. There is no appar- 
ent difference between the chlorites of cordierite-bearing and 
eordicrite-free rocks. 

Ilmenite. The ilmenites in the cordierite poikiloblasts 


are very similar to those of the groundmasses (Table 11). 


The Cordierite-forming Reaction 
The cordierite isograd in the Prosperous Lake area 
(and perhaps in much of the Slave Craton) represents the complex 
reaction 
Chlorite + Muscovite(1) + Quartz + Biotite(1) ——» 
Cordierite + Biotite(2) HO > 


[Umenite , Chlorite, Muscovite (2)] 


Chlorite and muscovite were consumed in the reaction but a little mus- 


covite was also produced with the cordierite. There was probably no 
crystallisation of new biotite but some was consumed and the remain- 


der was modified in composition. 
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FIGURE 33 : AKF diagram depicting the compositions of minerals from 


the immediate vicinity of the cordierite isograd and all the avail- 
able rock analyses for this area. Muscovites : P-1l, P-3 and G-1; 
Chlorites : P-16, G-17; Cordierites and biotites from Tables 14 


and 15; Rocks from Table 2, Boyle (1961) and Henderson (1972). 
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Controls of the Appearance of Cordierite 

Mineral assemblage. Cordierite was formed only in 
those rocks in which chlorite and muscovite coexisted. This in turn 
was controlled by the biotite-forming process and its termination. 

Rock compositions. The work of Seifert (1970) and 
Hess (1969) suggests that bulk rock composition has important controls 
on the appearance and production of cordierite. In the Prosperous 
Lake area there is no indication that cordierite was more readily 
formed in either meta-greywackes or meta-pelites (e.g. Table 16). 
This is presumably because of the similar mineralogies and bulk com- 
positions of these two rock types (Fig. 13). 

Figure 33 shows the relationships of the rocks and min- 
erals in the AKF diagram and confirms what Seifert (1970) stated about 
the sequence of appearance of biotite and cordierite. All the Burwash 
Fm. rocks plot below the muscovite-chlorite join and developed biotite 
before cordierite. The two Walsh Fm. rocks plot just above that tie- 
line and lack biotite at grades above the biotite isograd. Presumably 
at higher grades they would develop cordierite before biotite. 

Figure 34 shows the mineral and rock compositions in 
the Thompson AFM projection which was the basis of Hess's (1969) 
criteria for the stability field of cordierite. (1) Hess pointed out that 
most meta-pelites plot on the Fe side of the Al,S5iO;-chlorite tie-line 
and therefore must develop garnet rather than cordierite until that 
tie-line is broken. The compcsitional field of the Prosperous Lake 
rocks straddles that tie-line (Fig. 34) but it is impossible, with the 
available data, to determine which rocks would develop cordierite and 


which would not. It is therefore uncertain whether or not the 
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the immediate vicinity of the cordierite isograd. Data as in Fig. 33. 
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Al,SiO.-chlorite tie-line was stable at the cordierite isograd. Since 
the proportion of rocks bearing cordierite is much greater than the 
proportion of rocks on the Mg side of the tie-line, it seems probable 
that the tie-line had been broken below the cordierite isograd. 

(2) The present results are at variance with Hess's statement that, 
We if the bulk compositions fall beneath the garnet-chlorite tie-line 


then the important reaction is 


Chlorite + Muscovite + Quartz ~——— >» 


Biotite +, Cordierite + Garnet + 50" 


The Prosperous Lake rocks project well on the Al-rich side of the 
garnet-chlorite tie-line and yet the operative reaction was very simi- 


Ear ta-that. cited by Hess! 


Minor Reaction Products 

The reaction deduced above lists ilmenite, chlorite and 
muscovite as minor products. Ilmenite is always present in the 
poikiloblasts but the amounts of chlorite and muscovite vary greatly. 
As an example, a single poikiloblast straddling a bedding plane has 
different character in the two beds, as shown by Fig. 35. Such evi- 
dence suggests a problem similar to that encountered with the minor 
products of the biotite~-forming reaction, i.e. the abundance of the 
minor Brodit seems to be dependent on the relative abundances of 
the reacting phases. It is not simply related to the amount of the 


principal products. 


Relation to Experimental Work 
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CORDIERITE POIKILOBLASTS 


(Contain abundant coarse chlorite and 
muscovite; ilmenite abundant; 
numerous relict biotite flakes.) 


BED 1 


(Biotite-rich) 


BED 2 


(Less “biotitic %& 
more fine-grained 
than Bed 1.) 


CORDIERITE 
POIKILOBLAST 


(Containing no coarse 
chlorite and some muscovite3 
little relict biotite; 
generally fewer inclusions 
than those above.) 


FIGURE 35 Sketch of a thin-section of a Burwash Fm. rock 


illustrating the different nature of cordierite poikilo- 


blasts in adjacent beds. 
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several workers (see above) and experimentally determined by Seifert 
(1970) and Bird and Fawcett (1971). There is close agreement between 
these two studies but Seifert's is the more comprehensive and is the 
definitive work at present. It was made on an Fe-free system with 
bulk composition deliberately selected to yield cordierite and biotite 
simultaneously. At 3.0 kb. (the average pressure estimated for the 
Prosperous Lake facies series) the equilibrium temperature for the 
reaction is 560° C. Prior to these studies Winkler (1967) reported 
preliminary results for the same reaction in an Fe-bearing system. 
As would be expected, the equilibrium temperature is rather lower 
(530° C.) but Winkler noted that varying the Mg/Fe ratio of the system 
made little difference to the equilibrium conditions. Detailed studies 
of more natural systems which followed this (Hirschberg and Winkler, 
1968) found aluminium silicate in the reaction products with equilib- 
rium temperature of about 540° C. @ 3.0 kb. Again the similarity of 
Fe-rich and Mg-rich systems was noted. 

The reaction at Prosperous Lake differs from the 
system studied by Hirschberg and Winkler in that biotite and feldspar 
were present in the reacting assemblage and ilmenite, muscovite and 
occasionally chlorite were produced. It differs from that studied by 
Seifert in that Fe, Mn, Ti, etc. were additional components. Asa 
result, ilmenite was present in the products. It also differs in that 
biotite was present in the reactant assemblage, a factor which led to 
the following modifications: (1) Some biotite was consumed during 
cordierite growth. (2) No new biotite was formed but the existing bio- 
tite was compositionally modified. Further, the experimental studies 


operated with P(water)=P(total), a condition unlikely to have applied to 


these rocks. Considering these differences between the real and 


ryehiat. vel bontetrestll siteesSicreene aad ve E 
ay aod’ PEROT ES weOLD al sted ESRD : ) 2M 


eit eibas a viensdewqends stom oil ee) se 


mrieie ye a: of mie. 1G ober eaw.st | sven og 98 8 
Pa ver nih 


dsiw | 

ghizoid fynwe sorbtas Blehy oF binkotae an 
onmesorta ogexevs oda) Pree 
sel tet sais oqo eroded Un pe arly {oxinag: es : ? 
badsagot (Yoel) retin asibure. aaa of toi%T ne ogg af’ 

ed-ed os ni OTST. DTT FS, outs 208 eslveot b Sat 
xswol +odtet ei ssute19q fo! 93 couiediope bes: netovaxs ‘od t 
9% \gM edt gaiytsy ted baton altar w apie, ) ne 
angitibnos mui tdtlivps Gt OF oe aie 
) sidt-bowoltet dstiw earioda ye fouinn ® 
ceiioaset-add ai orn Sita tpn sa BOR: 
oi 0.8 9982 sods Yo exis teqn 

hotomiew emateye Aotx~ gM beni 


art 20} beat nore e 


Aepde ya GAT Ts 
gioraye att to atts 
aatbaie ba biosell 
velstei W bas gisddoe uh 

~FLi Apa ais j ar eFsvooet7" 


in Ydiwelienie eff wing’ - 


Y rang 4 (oie 5 ; 
642 mio) steilih sand <iei eben is aaltobes saa a ah pi 
Ren yf 


Biel hus sttictd sdf) sollatW bets grodioanil, vd bet 


DENTE 
bia athvoseinr lace ban oyeldendaaa anblocen eat ik inoong ® 
besvborg oxew oaixeldo, ; 


bit luatacite sit mort exstlib i 
. nM on sod ai eh 1@ 


5 8h. .etInsroqine> lapottibbs ox9w . 39 


$eHI m1 . saitib Oakes 4 \etoubotq ody ni dagnanq ape otnomll <7 
i Bot tgidw sutonl « oyeldnasees MERIOBSs, odd at paper et ositoid — 


on ~~) k “e 
peter freer eni09 | eow ere g pea com senoiss att boin ane eat 
BE pen fd <5: : i 
-oid apiiesns ond tud berivol saw asitond won ov (S) “diwortg stisotbeo> | a 
ay ween vw 


18 Mphnoosis atx old ahead Ssitibom vitemainagines oat att a 


odlbwtiants ever ‘od teat tins nowmibaonl hates id th ot af saat: 
Rentit of Myvwies sana etaane Laden! q 


haplopelitic systems, it is impossible to assign accurately a reaction 
temperature to the cordierite isograd. If the Mg/Fe ratio has little 
control on the equilibrium temperature (Winkler, 1965, 1967; Hirsch- 
berg and Winkler, 1968) then the temperature would be close to the 
560° C. (at 3.0 kb) given by Seifert's (1970) curve. The present study 
and that of Hirschberg and Winkler suggest that an aluminous phase is 
produced by this reaction in more natural systems. If the aluminium 
silicate found by Hirschberg and Winkler is taken as equivalent to the 
coarse muscovite at Prosperous Lake in this respect, then perhaps 
the 550° C. of their curve is applicable to the reaction at Prosperous 


Lake. There is, however, no way of estimating the effects of the 


reactant biotite or the product ilmenite on the equilibrium temperature. 


THe*best €stimate is, therefore, that the icorditerite isograd represents 
temperatures of 5501209 Cc. @ ca. 3kb.e Mis is a rather higher temp- 
erature than the 530110° C. given by Davidson (1967) on the basis of 


Winkler's (1965) data. 


THE CORDIERITE ZONE 

The cordierite zone comprises the area between the 
cordierite isograd and the first appearance of garnet. As shown in 
Fig. 36, the cordierite isograd and the 'garnet line' (see below) are 
not parallel so the cordierite zone is of irregular shape in this area. 
Its further extensions are shown in Fig. 15. 

The important facet of this zone is the isograd itself 
(discussed above) and there is little change in the rocks between the 
cordierite isograd and the garnet line. No detailed petrological work 


has been attempted and the following merely reports on a preliminary 
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petrographic study of some eighty thin-sections from the cordierite 
zone. 

No comprehensive study of equivalent rocks in the Slave 
Craton has been published but pertinent data have been reported by 
Folinsbee (1940, 1941, 1942), Henderson (1943), Tremblay (1952), 
Ross (1966), Davidson (1967), Kretz (1968 and in press), Heywood and 
Davidson (1969) and Kamineni and Wong (1973). Detailed studies are 
currently being made on equivalent rocks from the Sparrow Lake area 
by R. Kretz and D. C. Kamineni (University of Ottawa) but their data 


are not presently available. 


Rocks of the Cordierite Zone 

The rocks in this zone are massive to semi-schistose 
and consist of quartz, plagioclase and biotite with chlorite, muscovite 
and(or) cordierite. Andalusite occurs sporadically. Rutile is the 
principal oxide. Hematite is sometimes present but it is uncertain 
whether it is of primary or secondary origin. 

Texturally the rocks are medium-grained semi-schists. 
The original mudstones have a fine-grained granoblastic matrix of 
quartz and plagioclase which contains biotite in variably developed 
lepidoblastic foliation. The original greywackes retain some blasto- 
psammitic texture but have coarser, more uniform matrix material 
than at lower grades. They tend to be more massive and display less 
preferred orientation than the meta-pelites. Meta-pelites and meta- 
greywackes are not as readily ite ae as at lower grades but 
may be recognised in thin-section. 


Thin calc-silicate or quartzitic beds and boudins are 
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still recognisable at these grades. They are characterised by calcic 


and non-calcic amphiboles. 


Mineralogy 


Cordierite occurs in large porphyroblasts (usually ca. 
2-4 cm.; see Plate 4A) in many rocks. There is no noticeable change 
in these porphyroblasts through the cordierite zone and the description 
given above applies throughout. 

Andalusite appears sporadically in the cordierite and 
cordierite-garnet zones (Fig. 36), usually as spectacular, euhedral 
meta-crysts several centimetres in length (Plate 4G). The distribu- 
tion and origin of these is discussed below. 

Biotite occurs in all the meta-sedimentary rocks in the 
cordierite zone. The problem of the two possible generations (above) 
persists throughout the zone and no conclusive evidence on this point 
has been observed. 

Muscovite is present in some of the rocks as small 
flakes in the matrix, commonly with lepidoblastic orientation. This 
muscovite is texturally similar to that of lower grades and apparently 
is inherited from those grades (see discussion of the cordierite iso- 
grad). There is, in addition, a rare type of muscovite which cross- 
cuts biotite and therefore is paragenetically later than it (see Plate V 
of Kretz, 1968): 

Chlorite. Both chlorites(A) and (B-X) are present. 
Chlorite(B) may also occur in a few rocks but it is difficult to distin- 
guish at these grades from coarse chlorite(A) or abundant chlorite(B-X). 


Oxides. Rutile is the predominant oxide, presumably 
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as a result of the reaction relationships described above. Some hema- 
tite is present but it is impossible to judge whether it is of primary or 


secondary origin. 


The Mineral As semblage s 


Table 17 lists the observed assemblages and shows 
their relation to metamorphic grade. 

As noted above the biotite flakes are cut by chlorite 
(B-X) and muscovite(X) which post-date the formation of biotite and 
probably cordierite. Thus Table 17 shows that chlorite(B-X) com- 
monly coexists in apparent stability with muscovite although chlorite 
(A) does so only very rarely because of the mutual incompatibility 
dem onstrate@ at the cordieriteé)isograd. 

Table 17 also suggests that muscovite is a stable mem- 
ber of the assemblage to the highest grades within the cordierite zone. 
Chlorite(A), however, has not been observed in the upper cordierite 
zone. The compositionally similar chlorite(B-X) persists further 
from the cordierite isograd, perhaps as a result of formation during 
the decline of metamorphic conditions. 

There are several noteworthy differences between the 
mineral assemblages of cordierite-bearing and cordierite-free rocks 
(Tables 13 and 17): (1) Chlorite(A) is more abundant in cordierite- 
free rocks. This simply reflects the considerable proportion of rocks 
below the cordierite isograd which contain chlorite without muscovite 
and therefore could not produce cordierite. (2) Muscovite is more 
abundant in cordierite-bearing rocks. This is a result of two factors. 


Firstly, muscovite was produced together with cordierite. Where 
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TABLE 17 : Observed mineral assemblages and their relation to 
Ieeeeerecle aes ie eee eee eee ee PCLEL LON tO: 


metamorphic grade in the cordierite zone of the Prosperous 
ee ee ee ee OPEL OUS 


Lake aureole,. 


Rocks without Cordierite 
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Rocks with Cordierite 
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(1) All assemblages include quartz and plagioclase. 

(2) O= not present; Tr =<1%; @= 1-5%; @@= 55% modal. 

(3) Chlorites (A) and (B-X) are explained in the text. Muscovite(X) cross-cuts 
biotite. It and chlorite(B-X) probably post-date the growth of cordierite. 

(4) The metamorphic grade index is the perpendicular distance from the 
cordierite isograd, 

(5) All cordierite zone samples are listed except for calc-silicate rocks and 
those showing evidence of pervasive hydrothermal retrogression. 


% Contains andalusite. % % Contains cummingtonite. 
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recognisable, this new muscovite has been closely associated with 
cordierite, but it might also have crystallised in the matrix. Secondly, 
some of the rocks contain muscovite left in excess after complete con- 
sumption of chlorite in the cordierite-forming reaction. (3) Chlorite 
(B-X) is more commonly present in cordierite-bearing rocks. Since 
the origin of this chlorite is not understood, it is impossible to say 
why this is so. Its origin is clearly not solely due to the formation of 
cordierite but perhaps some of the chlorite formed with cordierite 
crystallised in the groundmass, adding to the amounts of coarse 


chlorite. 


The Origin of Andalusite 

The andalusite in the cordierite and cordierite-garnet 
zones is similar and there is nothing to suggest that its origin in the 
latter is related to the presence of garnet. It is therefore considered 
here as a sporadic member of the cordierite zone assemblage. 

The distribution and origin of andalusite ina similar 
aureole has been discussed in some detail by Davidson (1967) (see 
also Heywood and Davidson, 1969, and Folinsbee, 1942). Davidson 
recognised four modes of occurrence for the andalusite at Benjamin 
ope 

1. Large pink crystals associated with vein quartz, 
eo ee below the cordierite isograd. 
2. Thin rims at the edges of cordierite porphyroblasts. 
3. Porphyroblasts in cordierite schists. 
4. Chiastolite in graphitic biotite schists. 


In the Prosperous Lake rocks, type 3 has been observed but not type 2. 
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Type 1 has also been observed but cannot be distinguished from type 4. 
Davidson also demonstrated the existence of an "'anda- 


lusite line” which was" 


approximately parallel to and 5 miles east of" 
the cordierite isograd (Heywood and Davidson, 1969). Below this line 
andalusite is rare, occurring mainly as chiastolite in graphitic slates; 
above it, andalusite is increasingly common. 

Type for 4. The occurrence just East of the Ptarmi- 
gan Mine (Fig. 36) belongs to either type 1 or 4. Deep pink euhedral 
andalusites occur in black slates near a quartz vein. They clearly 
transect a schistosity which is axial planar to a typical Hay Lake 
domain fold. Therefore, andalusite formation post-dated the main 
phase of deformation and cordierite growth. 

On the West shore of Prosperous Lake andalusite is 
common in biotitic rocks containing garnet and(or) cordierite. Itis 
most spectacularly developed near quartz veins (Plate 4G) and the 
rocks are very dark-coloured so this occurrence is tentatively equated 
with Davidson's types | or 4. 

In these rocks the andalusite is usually present as 
poikiloblasts with numerous inclusions. These contain more opaque 
mineral and much less biotite than the matrix. There is no sign of 
marginal biotite concentration. Muscovite is associated only in trace 
amounts, if at all. Where garnet or cordierite is present there is no. 
suggestion of genetic relationship between andalusite and these phases. 


The reaction producing andalusite is therefore of the form 
Biotite +... . ——®Andalusite + Oxide + . 


The significance of the association with quartz veins in uncertain. 
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Perhaps they simply provided a more hydrous medium in which anda- 
lusite growth could occur very readily. 

Type 3. Andalusite is common in the porphyroblastic 
schists near Madeline and Pontoon Lakes. This type belongs to 
Davidson's type 3 in that it occurs in otherwise normal pelitic and 
semi-pelitic schists. The andalusite is not, however, restricted to 
cordierite-bearing rocks. 

In such rocks the andalusite forms ragged poikiloblasts 
whose appearance in hand specimen is very similar to the cordierite 
porphyroblasts. They are usually associated with coarse muscovite 
flakes and in some cases include opaque minerals. Biotite inside the 
poikiloblasts is reduced in grain-size and abundance relative to the 
rest of the rock and there is no sign of marginal biotite concentration. 


These textures suggest that a reaction of the form 
Biotite +. . . == Andalucites: Muscovite +.. 


occurred to form the andalusite. This reaction is very different from 
that suggested by Davidson (1967) which involved reaction of cordierite 
and muscovite to andalusite and biotite with increasing pressure. In 
the suggested reaction considerable Fe is not accounted for in the 

a PRD Small amounts of opaque oxide are included in the anda- 
lusite poikiloblasts and may account for some af Lie. be iliberated. 
There is no textural evidence of another mafic phase being produced 
and there is therefore an unresolved problem with the disposal of Fe 


and Mg in the product assemblage. 
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Conclusion 

Cordierite was formed (as described above) at the 
cordierite isograd but thereafter changed very little within the cordier- 
ite zone. Andalusite occurs in two distinct modes as described by 
Davidson (1967) being derived in both cases by reactions of biotite. 
At grades near the cordierite isograd it occurs as sporadic porphyro- 
blasts which are particularly well developed near quartz veins. These 
andalusites demonstrably post-date the main metamorphic maximum. 
Closer to the granite itis more common and occurs in more typical 
rocks, apparently as a normal member of the pro-grade paragenetic 
sequence. Sample distribution is inadequate to test whether David- 
son's (1967) 'andalusite line' applies to the Prosperous Lake area but 
the observed distribution is compatible with his observations even to 
the approximate ere of the cordierite isograd and the andalusite 


line. 


THE CORDIERITE-GARNET 'ZONE'! 

It has been known for a long time that garnet occurs in 
the inner metamorphic zones of the Prosperous Lake pluton (Folinsbee, 
1942; Jolliffe, 1942 and 1946). Its occurrence is characteristic of 
comparable aureoles in the craton (e.g. Kretz, 1968) but it is not 
always present (e.g. Heywood and Davidson, 1969). Its presence with 
cordierite in these thermal aureoles presents a problem in terms of 
the conditions permitting such parageneses (Chinner, 1959 and 1962, 
and many other authors). 

In the Slave Craton the evolution of the mineral assem- 


blages in this zone has never been elucidated. Folinsbee (1942) 
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believed garnet to be present as a result of regional changes in the 
composition of the meta-sediments, those near Prosperous Lake being 
more suited to garnet formation than those near Duck Lake. Since 
Folinsbee's study, however, the meta-sediments have been shown to 
be turbidites (Ross, 1962; Henderson, 1972) so that compositional 
variations are unlikely on sucha scale. A detailed study of garnet 
zoning and grain-size distribution at Sparrow Lake has been made by 
Kretz (in press, 1973) in order to elucidate the kinetics of garnet 
growth. He suggested various garnet-forming reactions and based 
the kinetic study on direct derivation of garnet from chlorite and 
quartz. He concluded that the reaction rate was highly acceleratory 
and that this could have resulted from a steady increase in tempera- 
ture. D. C. Kamineni is currently making detailed studies of similar 
high-grade rocks from Sparrow Lake but only part of his data have so 
far been published (Kamineni and Wong, 1973). 

In this context, 'zone' has only geographic meaning. 
Since the garnet and cordierite are paragenetically distinct (below) 
the status of this 'zone' in the pro-grade succession is uncertain. 
Similarly, the garnet-forming reaction is unknown and the term 'gar- 
net isograd' is avoided. 

In the present study no detailed examination of the 
cordierite-garnet zone rocks has been made. This section merely 
reports the results of field observations in the immediate vicinity of 
Prosperous Lake and the petrographic inspection of about fifty thin- 
sections from that area. It serves to define, rather than solve, the 


problem. 
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The Areal Distribution of Garnet 

Figure 36 shows the observed distribution of garnet and 
the limits of the zone which are very similar to those mapped by Joll- 
iffe (1946). The zone is asymmetrically located with respect to both 
the cordierite isograd and the pluton contact. It may be divided into 
two gradational sub-zones (Fig. 36). In the lower-grade sub-zone 
garnet is present only in some rock types. These cannot be com- 
pletely defined at present but generally garnet is present at lower 
grades in the more quartzo-feldspathic, biotite-poor meta-sediments. 
In the upper sub-zone garnet is present in all rock types, including 
the biotite-rich ones, though not in all rocks. The implication is that 
garnet was stable further from the pluton contact in rocks with higher 
Al: (MgtFe) ratio. 

Of all the samples collected, only one does not conform 
to this distribution pattern. At the Ptarmigan Mine, near the cordier- 
ite isograd and far Whiorh the garnet zone (Fig. 36), an apparently nor- 
mal meta-greywacke contains garnet whose appearance suggests that 
it has undergone corrosion. The significance of this occurrence is 


discussed below. 


Vee and Textural Relations 

Garnet. The garnets are euhedral to subhedral porphy- 
Poles up to about 2 mm. in diameter (Plate 4E) containing a few 
small inclusions of quartz and(or) feldspar. They display no particu- 
lar mineralogical association and are randomly distributed in the 
rocks. They have been observed included in both cordierite and anda- 


lusite, but these instances are no more common than dictated by 
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chance and the included garnet shows no sign of corrosion. Where 
the relations of the garnets to biotite foliation may be observed, the 
former cut cleanly across the latter with no sign of rotation or bend- 
ing of the foliation. This arrangement implies considerable textural 
equilibration. 

There is considerable, though not unequivocal, evi- 
dence for corrosion of the garnets. They range in appearance from 
euhedral grains with sharp margins and few inclusions (Plate 4E), 
through the most common type which have subhedral, slightly embayed 
outlines and a moderate number of inclusions, to very embayed or 
even skeletal crystals with relict euhedral outline (Plate 4F). The 
interpretation of these textures as evidence of corrosion is subjective 
and open to dispute as they might also be interpreted as growth tex- 
tures, the embayments simply being marginal inclusions which could 
not be consumed or pushed aside. In fact, Kretz (in press, 1973, and 
pers. comm.) reports the Sparrow Lake garnets to be euhedral and 
uncorroded, although Kamineni (pers. comm. to Kretz) believes some 
from the same area to be corroded. The highly embayed garnets at 
Prosperous Lake are believed to be corroded for the following rea- 
sons: .(1) Some garnets in similar rocks are euhedral showing that 
coarse quartz or feldspar did not lead to embayed outlines. (2) Many 
embayed garnets have relict euhedral shape. (3) The embayments are 
always occupied by quartz or feldspar. (4) The minerals in the em- 
bayments commonly seem a little coarser, and perhaps more abun- 
dant, than elsewhere in the rock. (5) The occurrence of embayed 
garnet in a normal meta-greywacke outside the cordierite-garnet zone 


suggests that garnet had, at one time, a much wider distribution. 
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It is\therefore suggested that the garnets have suffered 
variable degrees of corrosion in different rocks. The rocks in which 
corrosion is considered to have definitely occurred are all meta- 
greywackes but probable corrosion has also been observed in many 
meta-pelites. Thus no control of the degree, of corrosion has been 
recognised and the textures indicate no reaction products other than 
quartz or feldspar. 

Cordierite. Cordierite occurs in the same abundance, 
distribution and style as described for the cordierite zone. 

Andalusite. The occurrence and origin of this mineral 
has also been discussed above. 


Cummingtonite and gedrite. Non-calciferous amphi- 


boles are commonly present in the highest-grade portions of this zone. 


Cummingtonite is a characteristic mineral of the metamorphism in 
this craton, both in meta-sedimentary and meta-volcanic rocks (e.g. 
Kretz, 1968; aod and Davidson, 1969). It is first formed, in the 
pro-grade sequence, in the calc-silicate lenses and boudins, but at 
higher grades is also present in non-calcic, biotitic rocks. Gedrite 
is more rarely observed and is apparently confined to the immediate 
vicinity of the contact.. Gedrite from, equivalent rocks has been 
studied in detail by Kamineni and Wong (1973). 

Biotite is present in all the meta-sedimentary rocks 
and is apparently stable throughout the zone. It is variably foliated 
and there is commonly subjective evidence of the two biotite genera- 


tions discussed above. Muscovite occurs in abundance in a few rocks 


and in some instances is present in trace amounts cross-cutting biotite 


grains. Chlorite(A) is abundant in a few rocks, but chlorite(B-X) is 
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The Mineral Assemblages 
As shown in Table 18, the minerals occur in most 
possible combinations. The components may be taken to be SiO, -- 


Cre. Al) O23 -- (Fe, Mn)O -- MgO -- Na zO -- K,0 cid AMO phate 2 598, 


2 
(totalling 8). In some rocks there were nine phases -- quartz, biotite, 
garnet, cordierite, andalusite, chlorite, Ti-oxide, plagioclase and 
fluid. If the intensive variables are taken to be T, P and PHO the 
phase rule is F = C - P +t 3 and the system is divariant. (Since there 
is evidence that FO, is important in controlling garnet stability, this 
pre-supposes that Os was not independently variable.) In 
rocks with less than this maximum number of phases, the variance is 
greater. In general, therefore, these complex assemblages are com- 
patible with the phase rule and may be in equilibrium even though tex- 
turally unequilibrated. 
Several other points may be noted from Table 18: 
1. Muscovite occurs in garnet-free rocks but only 
rarely, and then in trace amounts, does it coexist 
with garnet. 
2. Chlorite(A) occurs with garnet but is absent from 
garnet-free rocks. 
3. Chlorite(B-X), andalusite and cummingtonite occur 

in garnetiferous and garnet-free rocks. 
While the complexity of the paragenesis prevents any detailed inter- 
pretation of these observations, they are at least compatible with the 


generation of garnet from chlorite (A), muscovite and quartz as 
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TABLE 18 : Observed mineral assemblages in rocks from the cordierite- 
garnet zone of the Prosperous Lake aureole. All 
assemblages include quartz, plagioclase, biotite and 


usually rutile. 
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suggested by Hirschberg and Winkler (1968). By this hypothesis gar- 


net did not form in rocks lacking chlorite(A), with the result that mus- 


covite is still present. Inthe garnet-bearing rocks the reaction was 


terminated by complete consumption of muscovite, leaving excesses 


of chlorite(A). 


Evolution of the Cordierite-Garnet Zone 


The following are the crucial factors in interpreting the 


paragenesis of this zone: 


a 


The distribution of garnet bears no simple relation- 
ship to either the cordierite isograd or the pluton 
margin. The zone is, however, directly adjacent 
to the pluton. 

Garnet is present in less biotitic rocks further 
from the contact. 

Corroded garnet has been found in a normal meta- 
greywacke near the Ptarmigan Mine. 

The garnet underwent thorough equilibration 
followed by variable degrees of corrosion. No 
obvious products are associated with the corroded 
garnets. 

Garnet is included in both andalusite and cordierite 
but the garnet decomposition did not yield the 
cordierite. 

The textures suggest a complex paragenesis in 
which cordierite post-dated garnet. 


The available data are compatible with the formation 
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of garnet from chlorite, muscovite and quartz at 
moderate pressures. 
8. Without detailed whole-rock data it is impossible 

to define exactly the compositional fields in which 

garnet, garnet + cordierite and cordierite are pre- 

sent. In view of the limited compositional range of 

the rocks (Fig. 13) it is probable that bulk composi- 

tion was not the principal control of garnet- 

cordierite relationships. 
Thus an early mineral assemblage including garnet, biotite, chlorite 
(A) and(or) muscovite was texturally equilibrated before changing con- 
ditions added cordierite and andalusite in a renewed series of reac- 
tions. The problem of the corroded garnet is not the common one in 
which an early garnet decomposes in a thermal aureole to give cor- 
dierite (Chinner, 1959 and 1962). At Prosperous Lake the origin of 
cordierite was unrelated to garnet, garnet is present in the innermost 
parts of the aureole and, if removal of garnet by corrosion actually 
did occur, it did so from the outside inwards. 

The controls of cordierite-garnet parageneses are 

extremely complex (Eskola, 1914; Chinner, 1959 and 1962; Hsu, 1968; 
Muller and Schneider, 1971) involving all of the variables P, T, bulk 
composition and oxygen partial pressure. Without compositional infor- 
mation, one can only eee on what controls operated at Prosperous 
Lake. To this author, however, it seems significant that a late chlor- 
ite(B-X), which is paragenetically unaccounted for, should exist in 
rocks which may previously have contained a garnet whose removal 


left no apparent products. The following model therefore bears closer 
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examination. 

The initial phases of metamorphism produced a zone, 
extending from about the present cordierite isograd to the present 
pluton, in which sporadic garnet became increasingly abundant North- 
Eastwards. Later, with intrusion of the Prosperous Lake pluton or 
during the cooling which followed it, the garnet became unstable in 
the outermost parts of the aureole and was hydrated to chlorite(B-X). 
Hsu (1968) showed that the critical factors controlling this reaction are 
oxygen fugacity and har iia and it seems possible that these should 
vary across the aureole in such a fashion that chlorite was stable in 
the outer parts and garnet in the inner parts. The exact conditions of 
garnet decomposition were apparently modified by bulk composition. 
Such a model might also account for the asymmetrical garnet distri- 
bution if oxygen fugacity was controlled by water migration into or out 
of the pluton and this was not the same in all directions. The principal 
objection to this model is that coarse chlorite is also present within 


the cordierite-garnet zone. 


THE SILLIMANITE-STAUROLITE '!ZONE' 

(The word 'zone' in this context implies only that stauro- 
lite awe sillimanite are found in the same area, not that they were para- 

genetically equivalent. ) 

Staurolite and incipient sillimanite have been observed 
at only two locations, both close to the pluton margin. One of these 
locations is shown in Fig. 36, the other is at the mouth of the Cameron 
River (sample collected by Dr. R. St. J. Lambert). In addition 
staurolite is recorded in several localities North-East of River Lake 


by Jolliffe (1946). 
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The Assemblages 

At the first of these localities (Fig. 36) corroded relics 
of staurolite surrounded by coarse muscovite (Plate 4H) occur ina 
rock with biotite, quartz, feldspar and minor chlorite and muscovite. 
Another rock from the same locality is an ordinary biotite semi- 
schist except that the incipient breakdown of biotite to sillimanite and 
oxides is readily apparent. 

At the mouth of the Cameron River the remarkable 
assemblage ieiigl ks nd ease se ames lies euataueaaines 
sillimanite-chlorite(B-X)-muscovite-rutile-opaque oxide-possible 
(retrogressed) cordierite has been observed. This is patently a dis- 
equilibrium assemblage in which relict staurolite is wholly included in 
andalusite and sillimanite is commonly associated with andalusite and 


with oxide phases. 


Paragenesis 

There is little doubt that the staurolite in this zone is 
the relic of large porphyroblasts whose stability limits were exceeded. 
An earlier staurolite-bearing assemblage had a later phase of cordier- 
ite and sillimanite formation superimposed upon it. This zone there- 
fore constitutes the marginal sillimanite zone of the pluton with 


staurolite relics. 


METAMORPHIC HISTORY 

A notable feature of this rock suite is the paragenetic 
history recorded in the textures of rocks from all zones. Most rocks 
show evidence of two, and sometimes three, phases of mineral forma- 


tion. The suggested evolution of these parageneses is schematically 
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represented by Figs. 37a, b and c which are successively more inter- 
pretive and hypothetical. 

Figure 37a is a conventional paragenesis diagram in 
which the earlier assemblages in each zone have been called Phase I 
and the later ones Phase II. Phase IIb is added on a tentative basis to 
account for the late chlorite(B-X), the late andalusite and (perhaps) 
the corrosion of garnet. No time connotation is implied between zones 
in this figure, I simply records that, within each zone, the Phase II 
assemblages post-dated Phase I assemblages on the basis of textural 
relations. 

Figure 37b is the logical successor to Figure 37a’ but 
is based on the further assumption that all the Phase l assemblages 
were penecontemporaneous and pre-dated all the Phase II assemblages 
which were also penecontemporaneous. The zonal progression (Fig. 
37a) and geographical distribution (Fig. 37b) of Phase I minerals sug- 
gests a gradual tacwen ae in grade to the: North-East, not'directly 
related to the Prosperous Lake pluton which later intruded the Phase I 
staurolite zone. The Phase II assemblages show a parallel increase 
of metamorphic grade ranging from chlorite zone near Yellowknife 
Bay ‘to sillimanite zone near the pluton contact and effectively over- 
printed on the Phase I assemblages. 

The facies series. The assignment of absolute temp- 
eratures and pressures to these assemblages depends on reliable 
recognition of the facies series and the mineral-forming reactions. 
The reactions yielding the Phase II minerals have been identified above 


but experimental data are available only for the cordierite-forming 
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reaction. The reactions in the Phase I assemblages are unknown. 

The assigned temperatures are therefore approximate: Since chlorite, 
biotite, garnet, staurolite, andalusite and sillimanite have all been 
formed at some stage in the paragenesis it may be assumed that there 
are no compositional restrictions on their presence. Therefore the 
pro-grade sequence in each phase may be used to deduce the facies 
series and pressures of metamorphism. 

There is, however, considerable uncertainty in the 
literature about the nomenclature and pressure regimes of the facies 
series, particularly at pressures below the aluminium silicate triple 
point, whose uncertainty confuses the issue still further. The follow- 
ing lists the commonly accepted tacieés series and gives three recent 
estimates of pressure for them. The less common series are brack- 


eted and only the lower pressure regime is considered: 


Hietanen (1967) Hess (1969) Lambert (1972) 


Gontact 222. 5: Kb. 35, kb. l=3° kb. 
(Bosost) - - ~ 
Abukuma ZOD 3- 4 2-4.5 
Buchan 3-4 5S HBOS 

(Idahoan) 225-6 eS) 

Barrovian a5=7. 0 ¢ 3-9 


Other pressure estimates have been made by Den Tex (1971; generally 
higher pressures than above), Winkler (1967; rather similar to the 
above) and Turner (1968; generally lower). 

The Phase I facies series contained garnet rather than 
cordierite, implying that pressure exceeded about 3 kb. @ 650° C. 
(Lambert, 1972; Richardson, 1968; Hietanen, 1967). The complete 
absence of kyanite indicates that pressures were less than in the Ida- 


hoan series (Hess, 1969; Hietanen, 1967). Hietanen has pointed out 
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(1967, p. 206) that the grade at which andalusite appears is a good 
indicator of pressure (see also Zwart, 1969). In Phase I staurolite is 
present at lower grade than andalusite, which presumably would have 
appeared just beyond the area studied. According to Hietanen this 
indicates pressures greater than the Buchan facies series. James 
(1955) described a facies series remarkably similar to that of Phase I 
and Hietanen called this the 'Michigan Type', concluding that it 
occurred at slightly lower pressures than the Idahoan series. Thus 
it seems reasonable to conclude that the Phase I facies series formed 
athcenditions ranging iron vabout, 300° C.1@ 3 kb. to 700° C.. @.5 kb., 
though the highest grades have not been observed during this study. 
The index succession in Phase II is chlorite-biotite- 
cordierite-andalusite-sillimanite. Andalusite first appears in the 
upper cordierite zone, staurolite is unstable and garnet was probably 
close to its lower pressure limit. The stability of andalusite, cordier- 
ite and Renee ye in the upper cordierite zone indicates pressures of 
less than 3 kb. @ 620° C. (Lambert, 1972) but this is not entirely in 
agreement with the petrogenetic grid of Hess (1969). The assemblage 
cordierite-biotite-andalusite is a critical assemblage in this grid and 
indicates pressures of 3-4.5 kb. @ 600° C. The index succession is 
very similar to that of the Abukuma facies series although andalusite 
appears at rather higher grades than usual. Because this is an 
aureole rather than a regional thermal metamorphism, it is probable 
that there was rather less pressure increase with grade than is typical 
of the Abukuma series. All these considerations lead to the conclusion 
that the Phase II assemblages represent conditions from 350° C. @ 
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There is no way of determining accurately the condi- 
tions of Phase IIb, particularly as oxygen and water pressures were 
probably critically important. The overall trend of decreasing press- 
ure, the occurrence of andalusite in the lower cordierite zone or even 
the biotite zone (Davidson, 1967) and the apparent unstability of the 
garnet suggest that the pressure was lower than in Phase II, perhaps 
2. 0= 2° 5'kb. 

Metamorphic evolution. All these observations and 
interpretations are thought to suggest the evolutionary model depicted 
in Fig. 37c. During Phase I the thermal regime in the area was rather 
uniform with gently dipping isotherms of regional extent and a broad 
metamorphic zonation in the low and medium grades of metamorphism. 
In Phase II the thermal regime became much less uniform with the 
development and upward migration of an intense thermal dome cored 
(asymmetrically) by anatectic granitic melt. The up-doming of the 
isotherms Bee them to steepen and migrate outwards, compressing 
a wide range of grade into a distance which previously covered only a 
small range and superimposing the Phase II assemblages on Phase I. 
These changes were accompanied by a decrease of pressure. Phase 
IIb apparently occurred after the climax of Phase II and is tentatively 
correlated with a stage in which isotherms migrated inwards as the 
pluton cooled. 

Timing of the phases. Phase Ilis reliably dated, by 
the zonation of its mineral assemblages round the late potassic plutons 
and by the structural information (above), as contemporaneous with 
the Prosperous Lake pluton. Phase I is known to pre-date Phase Il 


and therefore occurred some time between the emplacement of the 


“e 4 


> Aue yi ny 


-ibewd oft ylotarwaon nian | 
on.aW eviueestg aatew ban noaynd 08 ¥ 


, a i We 
* Hy A: a2 i wnat 
he at 


aeong ghiesetosb to bass Penns : 18 20 


eh 


Pay 


Tavs Ho MAST sitveibros sewot ot rti'"e: Di 
tid * vathidisgoit marcedye #2 Brus, praet ‘mo ia . 
gh Haag seed? at ned xewol ew souavieda ® 


So 5, — 
ie 


brn aHonte veaatio nea) Te stotdsileve ; 
bat sigs fohoos yaraohvieys ed? tesggee ri sagas sue sro 
wis Hii} BOTS elt | mt omnsges te cove seta onet seed tigeiiad © 
hal Ve baw sire incol yo to amisdioat dhs 
a WEISS havi bis eobarts ertist a est bre wot otlt at! < ots ; 
- ahve xsi éaak Apiit dean ocnigo temerode als 1 
ena pam lua sels pecoint au to ositaagten Gxawgu Boa te 
ott to antmeb- qi sit thet oitinaty sinvatensy 
naigaorqetos eb iawino stergint has nia dee ot-tied? beens t 
& vlna barevos dovotvr1g isidw gontstedh & offi canna 


is ra 


aq sii 


I gead no esgcldimonc aa aad all we 
gag otveectg lo Soe a =“ 
@evinsiest ot Sie’ seth ie amis stb Sette seunemmeneaealll 

edt 2& Bherowat nisaaee coreaddsont Aoidw ni ogete's ei scamuashae th 


Wi, Bw viawghidt 


Ree, Shaonb nilntie’ 2) send 


* Yibditosines sgenotcn aa salted nots wie 
le adhe oats. eee motule : 
aid imosysaelqae odd Asewied sid ate: 


' 


iA” 9 


Ot Ty 


179 


early granodiorite batholiths and the intrusion of the Prosperous Lake 
pluton. The grade in Phase I increases away from any known grano- 
diorite but in the same direction as Phase II. It was therefore prob- 
ably formed in‘an early stage of the same thermal)dome. In Phase IIb 
the chlorite(B-X) and the late andalusites are known to post-date 

Phase II and the garnet corrosion may also have occurred at this stage. 
It is tentatively correlated with cooling of the pluton and the intrusion 


of the associated pegmatites. 


Conclusion 

These rocks evolved in a complex metamorphic cycle 
involving the development and decay of a single thermal dome accom- 
panied by continuous pressure decrease. The texturally distinct phases 
do not represent separate metamorphic events but different, stages in 


the evolution of a single metamorphic cycle. 
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PAn i iv: GOLD MINERAL ISA LION 


INTRODUCTION 

Gold from near the mouth of the Yellowknife river was 
first reported in 1898 (Geological Survey of Canada, 1901) but no sig- 
nificant deposits were found until the mid-1930s. Since then numerous 
gold-quartz veins have been found in meta-volcanic and meta- 
sedimentary rocks from a large area of the craton (Cooke, 1946; 
Lord, 1951) and production (1932 to 1970) has totalled $291 million of 
gold and $26 million of silver. (Dept. of Indian Affairs and Northern 
Development, 1971). Most of the gold has been produced from the 
greenstone belt in the immediate vicinity of Yellowknife and the only 
presently producing gold mines are located there. These mines, the 
Giant Yellowknife and the Con-Rycon, have together produced between 
$15 million and $20 million each year between 1960 and 1970 
Md wee 1) LO fal.) 

Although gold-quartz veins are very numerous (and 
often of very high grade) in the meta-sediments, only three mines 
have produced significant amounts of gold. These are the Ptarmigan 
Mine (about 12,000 oz.; 1941-1942), the Thompson-Lundmark mine 
(about 65,000 oz.; 1941-1949) and the Consolidated Discovery Yellow- 
knife mine (which produced in the order of 30-60,000 oz. per year 
from 1950 to 1967). 

The deposits in the greenstones have been studied in 


considerable detail, notably in a series of papers by Boy le 
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(summarised in 1961). Other important studies are those of Coleman 
(1953 and 1957), Wanless et al. (1960) and the numerous papers on the 
structure of the greenstone belt (see above). Very little work on the 
deposits in the meta-sediments has been done beyond initial descrip- 
tion and relation to local structures. The early descriptions of these 
deposits have been compiled by Lord (1951). More recent studies have 


been made by Tremblay (1952), Wiwchar (1957) and Boyle (1961). 


The Nature of the Deposits 
It has long been known that the controls of mineralisa- 
tion were essentially structural. Thus Henderson and Jolliffe (1939) 
discerned two main types of gold deposit whose structural relations 
depended on the host rocks. These were: 
1. Shear zones in meta-volcanic rocks. 
2. Fold-related deposits in meta-sediments. 


This basic subdivision has proved correct but the types of deposits in 


meta-sediments were further sub-divided and described by Lord (1951). 


Lord's classification was slightly modified by Boyle (1961) as follows: 
1. Contorted schist zones and faults, with quartz, that 
transect bedding. (Ptarmigan Mine, the Tom Claims 
and the Rich Group -- discussed below -- are 
examples of this type. ) 
2. Schist zones and fractures parallel to bedding, 
including those on fold hinges. (Mineralisation on 
the Tin Claims is of this type, according to Will- 
farms, 1967. ) 


3. Ruptured and sheared axes of isoclinal folds. 
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4. Other irregular quartz stringers, lenses and bodies 
of limited extent. (The 'irregular veins' discussed 
below are of this category. ) 

This classification scheme adequately describes the quartz veins of 
the Prosperous Lake area, though no deposits related to isoclinal folds 
are known there. 

Mineralogy. These are all massive quartz bodies (e.g. 
Plate 5A) containing usually less than 1-2 per cent of other minerals. 
Pyrite, sphalerite and galena are the principal sulphides but there are 
sometimes traces of chalcopyrite, arsenopyrite, pyrrhotite, tourma- 
line, or feldspar present. Native gold is commonly associated with 
sulphide-bearing quartz and an association with sphalerite in particu- 
lar-nasibeen noted (e.g. Hence san and Fraser, 1948). No detailed 
study of the mineralogy of the deposits in the meta-sediments has been 
made but Coleman (1953 and 1957) deduced a complex paragenesis for 
those in the meta-volcanic rocks. He examined only three samples 
from deposits in the meta-sediments (Ptarmigan) and gave no details 
of mineralogy or paragenesis. He noted, however, that sulphosalts 
appeared to be absent but the sulphides were of the same variety, 
relative abundance and inter-relationship as observed in the other 
deposits. In his detailed study of the Giant Yellowknife mine (1957) he 


made the following identifications: 


Ubiquitous Common Others 
Pyrite Gold Antimony 
Arsenopyrite Pyrrhotite - Lead 
Sphalerite Galena Marcasite 
Chalcopyrite Stibnite Others 


Aurostibite 
Sulphosalts 
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He concluded that there were three phases of mineralisation by mag- 
matic solutions introduced into dilatant zones during deformation. 
These phases produced 

l. Pyrite,.arsenopyrite’ and most of the,gold. 

2. Sphalerite, chalcopyrite and minor pyrrhotite. 

3. Sulphides and sulphosalts of Pb and Sb. 
P-T conditions changed progressively from the first phase (>500° C. 
and high, P)rtorthedasti(< 350°eCGmrand:fairly low": P): 

It should be repeated here that there is no certainty 

that the mineralogy, paragenesis or origin of deposits in the meta- 
sediments is the same as that given above. The evidence is, however, 


that they are rather similar. 


Menetic Theories 

By the nature of their structural controls, the deposits 
in the meta-sediments can be more precisely dated with respect to the 
tectonic history than can the shear zones in the greenstones. Despite 
this, almost all the recorded theories of genesis apply principally to 
the latter and only peripherally to the former. Henderson and Jolliffe 
(1939) thought the gold of the greenstone belts to have originated ina 
deep-seated igneous body via the major late faults. They made no 
conclusions on the origin of the meta-sediment gold deposits but noted 
a change in character from high-temperature veins in the more meta- 
morphosed rocks to lower-temperature veins in the less metamor- 
phosed ones. Despite this, they suggested that the gold was derived 
from the granites. 


Folinsbee (1942) noted that the gold deposits were 
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concentrated just within the 'nodular zone' in the meta-sediments and 
suggested that this was because that section of the metamorphic aur- 
eoles represented the maximum hydrothermal metamorphism. 

Boyle's detailed work on the deposits of the greenstones 
(1955, 1959, 1961) led him to believe that the vein material was 
derived by lateral secretion during metamorphism and he extended 
this model to the deposits in the meta-sediments. His theory has, 
however, provoked much criticism from authors believing in hydro- 
thermal models (e.g. Coleman, 1957; McConnell, 1964; Chary, 1971) 
including Ames (1962) who re-interpreted Boyle's own data to argue in 
favour of a hydrothermal origin. Critical in this context are the data 
of Robertson and Cumming (1968) which have recently been modified 
(Robertson, pers. comm.) to indicate that the ores are exactly the 
same age as the enclosing volcanics. 

Lhe discussionts, theretore, thoroughly polarised into 
two traditional schools. It is agreed that the ores were deposited by 
hot, aqueous fluids but one school would argue an igneous derivation 
for these while the other favours a lateral secretion of fluids carrying 


ore elements, probably during metamorphism. 


Scope of the Present Investigation 

This disagreement might be solved by resolving (1) the 
exact temporal relation of the deposits and the tectonic events and 
(2) the nature and temperature of the depositional fluids. The follow- 
ing is a reconnaissance study which attempts to apply these two 
criteria by discussing the structural setting of deposits in the Pros- 


perous Lake area and presenting the results of a fluid inclusion survey. 
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bs GOLD DEPOSITS 

Four deposits bearing (academically) significant gold 
mineralisation are known in the Prosperous Lake area. Three of these 
have been examined and sampled in some detail, the other has been 


only cursorily examined. Their locations are shown in Fig. 41. 


Ptarmigan Mine 

This mine was closed in 1942 as a result of war-time 
conditions and has not been re-opened. The property is owned by 
Ptarmigan Mines Ltd. of Trail, British Columbia. Its exploration 
and production history has been described by Lord (1951) and aspects 
of its Seats by Lord (1951) and Boyle (1961). 

The geological setting of the main (No. 1) vein is shown 
in Fig. 38. It is long (ca. 400 m. in all) and approximately straight 
with a maximum width of about 15m. and an average of about 4m. 
(Lord, 1951). It dips vertically and has been explored underground to 
a depth of about 275 m. by nearly 1800 m. of drifts on seven levels. 

The contacts with the wall-rocks are generally sharp, 
particularly on the south-west side, but the north-east margin has 
up to one or two metres of inter-lacing quartz veinlets forming a 
stockwork. Narrow stockwork zones are occasionally present on the 
south- west side. The country rocks (typical Burwash Fm. meta- 
sediments) are fractured or slightly sheared in places near the contact 
but there is no indication of a continuous or discrete 'shear zone’. 
Jolliffe (1936) noted that there were several en echelon quartz bodies 
rather than a single vein. 


Quartz of several types makes up this vein: (1) Sugary, 
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grey quartz. (2) Massive, milky white quartz. (3) Drusy quartz, 
often with sulphides and usually on recognisable fractures. (4) Stock- 
works of narrow quartz veinlets in the adjacent country rocks. Types 
(1) and (2) are the dominant ones and were thought by Boyle (1961) to 
be of different'ages, the white cross-cutting the grey. Certainly the 
grey type comprises the bulk of the vein but boundaries with the white 
type are diffuse and definite cross-cutting relationships are seldom 
visible. Type (3) is, however, definitely later than the bulk of the 
veins. Cavities in these fractures commonly contain drusy quartz 
coated with pyrite, sphalerite or galena. Boyle reported that calcite 
and ankerite occurred in these fractures and that gold was present in 
some oi the cavities. Lord (1951) noted that where gold content was 
appreciable, sulphides were usually present. The gold is usually in 
grey ribboned quartz and the massive white quartz contains little gold. 


Tourmaline is present in the massive quartz. 


The Tom Veins 

These veins are due north of the Ptarmigan Mine and 
are part of the same vein set (Fig. 41). They have not produced gold 
but the No. 3 vein was thoroughly explored by Cominco Ltd. in 1940- 
1942 (under option). This included an exploration shaft (about 16 m. 
deep). Caen Yellowknife Mines Ltd. acquired the property in 1945, 
changed its name to Cassidy Yellowknife Mines Ltd. and drilled num- 
erous holes. 

Six veins ao) known on the Tom claim, all striking 
north- west to west. The main (No. 3) vein is visible at the surface 
for about 400 m., being terminated at the eastern end by the Ptarmi- 


gan fault. (A possible eastern extension of the same vein occurs 
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about 300 m. north on the other side of the fault.) The No. 3 vein 
is essentially long and straight (Fig. 39) and its width in core is 
reported to vary from 1m. to about 7m. It has been tested in depth 
to a maximum of 106 m. and dips vertically or very steeply north- 
wards (Boldy, 1959). Three of the veins are shown by Jolliffe (1946) 
but no published account of them is known. 

The-No. 3 vein is similar to the main Ptarmigan vein 
(mig® 89)+*- lt apparently consists “of en echelon pods connected by just 
a few small veins. This surface configuration suggests that in three 
dimensions there is a plane with thick lenses at intervals along it. 

The vein contacts are generally sharp but are discoloured by a rusty 
or yellowish stain and have rather more marked schistosity than most 
of the country rocks. This schistosity is commonly irregular, being 
parallel to the vein wall adjacent to it and gradually merging outwards 
(over one or two metres) with the schistosity of the country rocks. 
bhematixne of thi contacts does not suggest shearing. Some fragments 
of altered country rock are included in the quartz but there is no sign 
of marginal quartz stockwork. 

Alteration of the wall-rocks at the vein margins is con- 
fined to within a few feet of the contact and consists mainly of the 
yellow discolouration of both wall-rock and quartz. In some instances 
there is a few centimetres of rusty-coloured boxwork. On some con- 
tacts and in some included wall-rock fragments there has been alter- 
ation to a biotite-sulphide rock and included and marginal wall-rock is 
enriched in pyrrhotite. This alteration is markedly distinct from that 
associated with the Ptarmigan fault at the @astern end of the vein 


_(Fig. 39), which is typical of the pervasive hydrothermal alteration 
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associated with the major faults in the area (see above). This perva- 
sive alteration increases in intensity towards the fault plane. 

The vein consists almost entirely of massive quartz with 
a few included pieces of wall-rock and minor amounts of other miner- 
als. The sulphides usually comprise less than one per cent of the vein 
but in places they appear to be concentrated along the contacts and 
samples predominantly of sulphide have been removed from the explor- 
ation shaft. Most of the quartz is white and entirely massive with 
slivers of country rock in places. Most usually the sulphide-rich 
quartz is grey and massive but there are some vuggy patches of white 
quartz with associated pyrite. Pyrite is the most common sulphide in 
the vein but massive galena and sphalerite are present in samples 
from the shaft. Pyrrhotite is commonly present in the included and 
adjacent meta-sediments. There are no clear age relationships 
between the massive white and grey quartz types but the vuggy type 


associated with pyrite is probably later than the rest. 


The Rich Deposit 

This deposit (Fig. 40) has been described by Jolliffe 
(1936 and 1938) and Lord (1951). The property was explored by Bur- 
wash Yellowknife Mines Ltd. in 1935 and yielded about sixteen tons of 
rock which reportedly assayed at 13.6 oz. of gold per ton. An explor- 
ation shaft (28 m. deep), considerable drilling and several hundred 
feet of trenching were completed in the ten years to 1945, but no fur- 
ther gold was produced. 

Figure 40 shows the geology of the shaft area. The 


rocks are sediments of the Burwash Fm., metamorphosed to chlorite 
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os lowest biotite grade. They have a weak schistosity which strikes 
€ast of North in most places and is sub-vertical, suggesting that the 
area is inthe Yellowknife Bridge structural domain (above). The 
beds are cut by a set of parallel shears or faults which strike N.N.E. 
and dip steeply to the wet, probably at 60-75°. These are narrow 
shear zones marked by small scarps, slickensides, quartz veining 
and minor shearing. Horizontal displacement on them is small and 
the beds on the a st have moved up and slightly oe te. (Jolliffe, 1938). 
Quartz veins of two distinct types are recognisable in 
this area: 
1. Small lenses, a few feet in length, randomly dis- 
persed in the country rocks but always striking 
parallel to the schistosity.~ “These are” barren. 
2. Irregular veins, pods and narrow stockworks 

located discontinuously along the shears. These 

aie Se variable thickness but are seldom thicker 

than about 60-70 cms. The shaft is located on the 

main one of these veins. 
The quartz in the shears is dark-coloured, often slightly pyritic and 
has sheared chloritic margins. It contains some carbonate. The gold 
is primarily in the quartz but there is a little in the carbonate and the 
chlorite schist (Jolliffe, 1938). Jolliffe gave the principal,sulphides, 
in order of appearance, as arsenopyrite, pyrite,marcasite, chalco- 


pyrite, galena and pyrrhotite. 


The Tin Deposit 
This deposit has been only cursorily examined during 


the present survey. It has been mapped and described in more detail 


orks anlt gniienggee Setouien ei bas 
wt Rae rn See - Maeda tipi 


ont. towel nigel ihe ernie Sac r 


wee gif skad't eso +6 vidsdoxrq ne 
eqns iy greene voblanstoite vaqrade aca 


bale padi a1 coat nme indaransiqeib teanoats 


ay | i 
sn WP aks 
a - ~ 


grner erry ‘san ceed ia ee 4 
elrowdaote wounds bie ebog venigy, telugerext 2 ae i 


a) 
‘waatt .areode gay sro tte pountaoeip Beisel 


pepe eh? rina: oie fod! wesioid sf 


att ho Boteacl BP fade adit ves) OV=89 Yous anit 
a Se 


one rt 


bits sie yidgils astig borwotosTaaab ek exsode ada i | ; 


ploy ad stead ano sind toleeae 331 senigtant atttzaldo. 
ant burg stencdang aft gi ethyl x8 engl qud gtrnup oat nb 


_abittie Legion rg, ode ee ottiliok geet youtaltet) elt ind 0: 
Aotrae Sa aia erty. tiegennere ek ae er ai 
gary, Se a 


es 
+ 


; 3 wv stalled Li hit =tite wor iaok sub anran 


- . 
M 


yotdonatienei vyltsoeaee ince pub fly ve ah Lae 
listeb snort, oi fadtxoned bas one qoodvand it aren aaa m 


» 
~ a ; es ut i Pat ae yy 
. ae ae (i ana ie 


193 


in unpublished company reports (e.g. Williams, 1967). There isa 
small pit on the main outcrop and considerable drilling was carried 
out on the property by Tarbell Mines Ltd. in 1955. 

The country rocks are folded strata of the Burwash Fm., 
metamorphosed in the cordierite-garnet zone and cut by numerous 
faults and quartz veins. Williams (1967) concluded that the gold (with 
massive sphalerite) occurred along a bedding-plane fault in a north- 
by 
vesterly plunging syncline. The dominant feature is a schist zone, 
stained red and yellow, and about one metre wide as now exposed. 

The rockin this schist zone is a yellowish,sericitic schist.containing 
small and irregular pods, veins and lenses of grey quartz. This 
schist grades into normal massive meta-sediments in the space ofa 
few centimetres. Within the schist zone the schistosity strikes con- 
sistently north- west (320°) and dips steeply southwards, this being 
the orientation of typical schistosity in the Hay Lake structural domain 
but inclined to ae trend of the schist.zone. ,It seems,unlikely,, there- 
fore, that the mineralised zone is a simple shear or fault. 

The quartz generally contains sphalerite (up to 40 per 
cent), some pyrite and pyrrhotite. Gold is commonly associated with 


sphalerite (Williams, 1967). 


STRUCTURAL RELATIONS 

The main Ptarmigan and Tom veins (as well as the 
others in the set) display similar relations to the local structures. 
Both are long and fairly straight and cut across bedding at a high 
angle. It has been noted that both are approximately parallel to the 


axes of local folds but in fact they deviate slightly in orientation from 
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the typical axial planar cleavages of the Hay Lake domain. The sub- 
parallel nature of this mineralised vein set with the dominant Hay Lake 
domain structures is, however, unlikely to be coincidental (see below). 

According to Williams (1967) mineralisation on the Tin 
claims is related to a fold whose axial plane strikes north-west. 
Apparently this deposit too is controlled by Hay Lake domain struc- 
tures; 

The controlling structures at the Rich deposit are shear 
zones which strike N..N. Ej9 This.area has not been structurally 
mapped or definitely assigned to one of the structural domains, but 
the fact that cleavage near the shaft strikes éast of north suggests 
that the area belongs to the Yellowknife Bridge domain. In this case 
it seems more than coincidental that the controlling shears are sub- 
parallel to the dominant axial plane orientation of this domain. 

Several small auriferous deposits in the Walsh Lake 
area have also been briefly examined. In all cases the controlling 
structures strike Worth to north-east and dip very steeply. The few 
cleavage measurements available (Fig. 41) indicate that the Yellow- 
knife Bridge domain can also be extended into this area. In this case 
the Walsh Lake deposits are also controlled by structures parallel to 
the characteristic orientation of their structural domain. 

In Fig. 41 this argument is extrapolated to all the 
known gold-bearing structures of the Yellowknife district. Gold 
deposits are only known in the Hay Lake and Yellowknife Bridge 
domains. In the Hay Lake domain all the controlling structures strike 
about Ait Se and are either dilatant zones or, in one case, 


probably a fold (Williams, 1967). “All the controlling structures in the 
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Yellowknife Bridge domain and its assumed extensions are shear zones 
predominantly oriented N.N.E. or north- east, regardless of what 
rock type they occur in: 
Thus several important conclusions can be made: 
1. The orientation of the controlling structures was 
determined by the structural domain. 
2. The type of controlling structure was not dependent 
on the country-rock type (cf., for example, Hender- 
son and Jolliffe, 1939) but on the structural environ- 
men t,. 
3. It has, beenisuggested above thatthe strnctural 
domains are intimately related to the emplacement 
of the major plutons. It follows that the gold- 
controlling structures were contemporaneous with 
the plutons. Further, those of the Yellowknife 
Bridge domain probably pre-dated those of the Hay 
Lake domain (Table 1). Thus the gold mineralisation 
itself is probably of two similar but distinct ages, 
the first being penecontemporaneous with the West- 
ern Granodiorite, the second with the Prosperous 
Lake pluton (see also Robertson and Cumming, 1968). 
There are several points which permit more exact suggestion of the 
time of gold deposition in relation to the tectonic history. (1) Fortier 
(1946) gave evidence for the formation of gold-quartz veins between 
intrusion of the late potassic granites and their attendant pegmatites. 
(2) It is generally accepted that the mineralised structures are struc- 


tures of dilatancy (Coleman, 1953 and 1957, Boyle, 1959; this study) 
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which implies that they formed during relaxation of compression. 
(3) The dilatant zones are sub-parallel, rather than exactly parallel, 
to the characteristic orientation in their domains which is compatible 
with their formation during release of the compression which caused 
deformation. (4) McConnell (1964) has pointed out that mineralised 
shears occur in the Western Granodiorite (Fig. 41). The pluton must 
therefore have been solid at the time of their formation, at least in 
this locality near the margin. In view of these points a fourth conclu- 
sion may be added to the three above: 
4. The gold-bearing structures were formed, and 
probably mineralised, during release of deforming 
compression, i.e. when batholith inflation ceased 


and possibly minor contraction occurred. 


IRREGULAR QUARTZ BODIES 

The ubiquitous presence of these small irregular bodies 
of vein ae in the meta-sediments has been previously noted (e.g. 
Boyle, 1961) but they are not known to contain any gold mineralisation. 

These bodies are of massive, milky white quartz 
occasionally slightly pyritic or gossanous. They are of limited extent 
(typically 1-5 m. across) and are characterised by complete lack of 
rational shape or consistent relation to other features (Plate 5B). 
They are commonly fililamentous with a more massive core area but 
can take almost any other irregular shape. They are apparently 
unrelated in distribution to any of the granitic plutons and occur at all 
grades in the Prosperous Lake aureole. 


Only a few geological features indicative of their age 
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have been observed. One irregular vein has been observed cut by a 
diabase and another by a long straight quartz vein striking 020°. Com- 
monly they warp the schistosity of the surrounding rocks. At one loca- 
tion an irregular vein displayed signs of being deformed by a typical 
Hay Lake domain fold but at others undeformed equivalents occur on 
fold closures. They occur in rocks within the Prosperous Lake 
aureole and in those well removed from its influence. 

The mode and exact time of their origin is therefore 
uncertain. In some areas they are abundant in pelitic units but absent 
fvom. meta-greywackes. Uhis and their irregular, filiamentous form 
indicate that they originated by segregation of siliceous, aqueous solu- 
tions during metamorphism. The few observed geological relation- 
ships and their widespread distribution suggest that this occurred 
before the development jol the thermal dome (Phase Lins Fig. 3c), 

i.e. before intrusion of the Prosperous Lake pluton. It is this mode 


of origin which is tentatively accepted in the following discussion. 


TEMPERATURE RELATIONS : “FLUID INCLUSIONS 

No previous work has been done on the deposition temp- 
eratures of veins in the meta-sediments, but there is some information 
on those in the meta-volcanic rocks. Boyle (1954) carried out a 
decrepitation study on the Campbell and Negus-Rycon shear zones. 
He found that the quartz was very unsuitable for study because it had 
been extensively crushed and recrystallised but detected a decrease of 
decrepitation temperature with depth in the Campbell System. Boyle 
avoided deducing depositional temperatures from his decrepitation 


data but almost all the decrepitation temperatures were between 
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150-250° C. Coleman (1957) used his detailed paragenetic study to 
deduce that depositional conditions varied from about 500° C. in the 
initial stages to <350° C. in the latter stages, with a parallel press- 
ure decrease. Chary (1971) used sulphur isotope fractionation and 
some fluid inclusion data to derive a depositional temperature of 300- 


350° GC. for the ores of the Con mine. 


Scope of the Fluid Inclusion Study 

Understanding the origin of these deposits depends 
| largely on knowing the constitution and depositional conditions of the 
vein-forming fluids so that their genesis may be discussed with 
respect to igneous or metamorphic sources. This problem has been 
approached as follows. Petrographic study of inclusions in various 
quartz vein generations was carried out to indicate the nature of the 
fluids. The prevailing conditions in the country rocks were examined 
through the petrological data (above) and by an homogenisation study 
of the irregular quartz veins which were apparently syn-metamorphic. 
The depositional temperatures of the gold-bearing veins have been 
studied by an homogenisation survey of the Tom and Ptarmigan veins. 

The. study has. been severely restricted by, the lack of 
freezing and crushing stages. Details of methodology are given in the 


Appendix. 


Petrological Constraints 

The metamorphic reactions and paragenesis discussed 
in detail above indicate a progressively increasing temperature across 
the aureole from about 350° C. at the lowest grades e about G50 (Cy. at 


the pluton contact in Phase Il (Fig. 37). The cordierite isograd, which 
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is almost adjacent to the Ptarmigan deposit and at slightly lower grade 
than the Tom veins, has been shown to represent 5501200 Ge ato Kb 
These temperatures apply only to the climaxof the thermal phase of 
metamorphism and the structural relations (above) indicate that gold 
vein formation just post-dated the metamorphic maximum. Therefore, 
the veins were deposited at temperatures of less than about 500° C. 
and pressures of nearly 3 kb., the exact conditions depending on the 
period between the metamorphic maximum and vein formation. Inso- 
far as Coleman's (1957) conclusions can be applied to the veins in the 
meta-sediments, his suggested decline of temperature from about 
500° C. is entirely compatible with the metamorphic criteria. 

The petrological constraints on the conditions during 
Phase I metamorphism are less exact. Figure 37c suggests, however, 
that conditions intensified North-Eastwards from about 250° C. @ 3 kb. 
near Yellowknife Bay to about 525° C. @ 4.5 kb. on the Eastern shore 
of Prosperous Lake. It is under this thermal regime that the irregular 


quartz veins are thought to have formed. 


Fluid Inclusions in the Irregular Veins 

It has been tentatively concluded above that these quartz 
bodies formed by silica segregation immediately preceding Phase II of 
metamorphism, i.e. development of the Prosperous Lake aureole. 
They are, therefore, rather earlier in the sequence than the gold- 
bearing veins, but offer the opportunity of studying the thermal regime 
in the earlier phases of metamorphism. 

Accordingly, samples of quartz from irregular veins 


were collected at all metamorphic grades across the aureole. From 
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these a suite of twenty samples were selected (Fig. 42). All of these 
were petrographically examined and homogenisation temperatures 
were determined in eleven of them. 

The inclusions. The quartz veins contain an enormous 
number of inclusions with a maximum size of about 30-40 microns 
(Plate 5C). Inclusions larger than ten microns are rare and the great 
majority are smaller than one micron diameter. Asa result, heating- 
stage determinations are only possible.on a very small proportion of 
the inclusions present. Ordinary petrographic examination at high 
magnification is possible for a rather larger proportion but there is 
undoubtedly marked sample bias (as in most fluid inclusion studies). 

Several types of inclusion are recognisable, most of 
these categories merging with one another. The principal subdivision 
is into primary and secondary categories. Most of the criteria for 
the distinction of primary, secondary and pseudo-secondary inclusions 
(Roedder, 1967 and 1972) cannot be applied in these veins because the 
quartz is massive and displays no growth features. The only criteria 
which can be used to indicate primary origin are an isolated and ran- 
dom distribution unrelated to healed fractures and a compact shape 
lacking dendritic appearance or indications of necking down. Plate 5F 
and L exemplify these criteria. It is impossible, therefore, to be 
absolutely certain that any one particular inclusion is primary and the 
inclusions have consequently been classified into three categories: 

1. Demonstrably secondary, i.e. on healed fractures 
containing numerous inclusions. 
2. Assumed primary, i.e. displaying no indications of 


being secondary. 
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3. Probably primary. These are inclusions which are 
thought to be primary but display some hint of the 
secondary characteristics listed above. 

The inclusions can be further subdivided on the bases of the phase s(t) 
present. These inclusion types are gradational with one another but 
examples are illustrated in Fig. 43 and Plate 5 and described below: 
Type... Diquid-rich. These are the most numerous inclusions 
in both primary and secondary categories. They consist 
simply of a colourless liquid phase and a small bubble of 
vapour (Plate 5D and others; Fig. 43). The sizes of 
these bubbles are given by the homogenisation tempera- 
tures (below) but they are typically about 15-25 per cent 
by area of the inclusion. 
type 1, Liguid-rich with solid daughter(s)) “Some liquid-rich 
inclusions contain small colourless daughter minerals 
occasionally in identifiable cubes (Fig. 43; Plate 5L). A 
few contain two colourless daughters, the second in some 
cases being a birefringent prism. Very occasionally a 
tiny opaque daughter mineral is observed. The identifi- 
cation of these phases is very difficult but the recognis- 
able properties (refractive index, birefringence and 


sometimes temperature coefficient of solubility) suggest 


()There is much uncertainty in the phase terminology 
of multi-component, multi-phase fluid systems (Roedder and Coombs, 
1967, p. 419), compounded in this case by the uncertainties in phase 
identification (see text). Herein the following usage is adopted. 
'Liquid' is sub-critical. 'Fluid' is super-critical. 'Vapor' should 
imply low density but the character of bubbles cannot be reliably iden-~ 
tified with the available apparatus. Phases described as 'vapour' may 
therefore include some which are super-critical fluid. 
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Explanation of Plate 5 continued. 


Example from a presumed primary array of three-phase (Type V) 
inclusions containing a liquid aqueous phase, a liquid CO9-rich 
phase and a vapour bubble. Sample Irreg-13. 


As in J above. Note the difference of phase ratios between J and 
Ky. Sanrple Inreg-13. 


Planar array of irregular, necked-down(?) secondary inclusions 
many of which contain solid daughter minerals. Sample Irreg-2. 
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PLA 3 


Quartz veins and fluid inclusions. 


(KEY : lw = aqueous liquid; lc = CO -rich liquid; v = vapour; s = solid 
daughter mineral. ) 


Tek 


Massive quartz vein. Southernmost of the gold-quartz veins in the 
Tom Lake set (Fig. 41) and typical.of them.) Note thejsnaga. 
unsheared, sub-vertical contact with the meta-sediments. 


Example of an irregular quartz vein. 

Typical distribution, concentration, size and appearance of fluid 
inclusions in these quartz vein samples. Note the difficulty in 
assigning definite primary or pseudo-~secondary origin to any par- 


ticular inclusion. Sample Ptarm-l. 


Exceptionally large, isolated, two-phase inclusion (Type 1) pre- 
sumed to be primary. Sample Irreg-l. 


Array of three different inclusions typical of the types observed. 


The top one is a simple two-phase inclusion of Type [. It may be 


secondary as a vague planar array is visible near it. The middle 
inclusion is presumed to be primary. It is a three-phase (Type V) 
inclusion with two liquid phases (visible in the photograph) and a 
small vapour bubble (which was highly mobile and could not be 
photographed). The lower inclusion is also apparently primary. 

It is a vapour-filled (Type IV) or possibly vapour-rich (Type III) 
inclusion. Note that the lower two inclusions and possibly the 
upper one belong to the same primary array which has variable 
phase ratios. Sample Irreg-4. 


Illustrating the main criterion used for the distinction of primary 
and secondary inclusions... The former are unrelated to healed 
fractures, the latter aligned in them. Note also that'the three 
large primary inclusions have very variable phase ratios though 
apparently part of the same primary array. Sample Irreg-l. 


Three-dimensional array of typical two-phase (Type I) inclusions 
presumed to be primary. Note, however, that the large inclusion 
may have a very narrow double meniscus round the vapour bubble. 
If so it should be classified as a Type V inclusion. Sample 
Iyrreg-1; 


Three-dimensional random array of presumed primary inclusions 
containing both liquid-rich (Type I) and vapour -filled (Type IV) 
inclusions. Sample Irreg-2. 


Planar array of secondary, vapour-filled (Type IV) inclusions in 
sample Irreg-3. 
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that almost all of the daughter phases are halite. Inthe 
rare instances where two solid cubes(?) are present 
their very different rates of dissolution on heating sug- 
gest that the second is sylvite. The birefringent prisms 
may be anhy drite. There is no way of identifying the 
VeLy rare Opaque eauchter ..) Une rclatve: it equency or 
these solid phases may be judged from Table 19. 

Inclusions with solid daughters are present in 
many of the samples (Table 19) but comprise only a 
minute proportion of the total number of inclusions. 
The solid phases are invariably very small, being of 
the onder of 1-2 per cent py*volume of the inclusion. 
Further, almost all of the solid daughters observed 
are in demonstrably secondary or possibly secondary 
inclusions, 

Vapour-rich. By arbitrary definition any inclusion 
in which the bubble constituted more than 50 per cent 
by area of the inclusion has been called vapour-rich 
(Fig. 43; Plate 5E and Fj The pubble is of warigble 
size and this type probably grades into the vapour- 
filled category below. Vapour-rich inclusions occur 
in most of the rocks though in rather smaller numbers 
than the liquid-rich types. They are most commonly 
primary but a few indeterminate ones and a few sec- 
ondary ones have been observed (Table 19). No solid 
daughter minerals have been observed in vapour-rich 


inclusions. 
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FIGURE 43 


Types of fluid inclusions observed in irregular veins and gold-quartz 
veins from the Prosperous Lake area. Open arrows indicate grada- 
tion of types. Dotted arrows indicate different types thought to be 
related by phase changes. KEY : lw = aqueous liquid; le = CO2-rich 
liquid; v = vapour or super-critical CO -rich fluid (see footnote 
above); s = solid daughter mineral, probably halite; x = second solid 
daughter mineral, either sylvite(?) or anhydrite(?) or an opaque min- 
eral. Roman numerals indicate the Type to which such an inclusion 
would be assigned (see text). 
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The vapour-rich inclusions display two interest- 
ing features: (1) Imsome (of them the bubbleris of 
rather lower relief against the liquid phase than is 
typical of vapour bubbles. Relief can be highly mis- 
leading in such instances (Roedder, 1972) but this does 
suggest that the vapour phase is rather more dense than 
usual. In a few cases such low-relief bubbles were 
induced, by cooling to about 10° C., to separate into 
a liquid phase and a small, highly mobile bubble. This 
suggests that the large 'vapour' bubble was actually 
super-critical CO j-rich fluid and that some of these 
two-phase vapour-rich inclusions are super-critical 
equivalents of the CO,-bearing category below. 
Because of the unreliability of relief as a diagnostic 
tool, it is impossible to estimate what proportion of 
the vapour-rich inclusions are COj-rich. (2) Charac- 
teristically these inclusions do not homogenise within 
the observed heating range (to 350° C.). Further, they 
commonly display little or no change in this temperature 
range (Fig. 44). In some cases the bubble increased 
on heating, in others there was no observable change, 
and in others the bubble appeared to shrink slightly. 
This behaviour also applies to a few vapour-rich sec- 
ondary inclusions (Fig. 44) whereas all other second- 
aries homogenised at low temperatures. The signifi- 
cance of these features is discussed below. 


Vapour-filled. These are high-relief inclusions which 
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appear empty (Fig. 43; Plate 5H and I) but grade into 
the vapour-rich category (III above). They are com- 
mon both as primary (Plate 5H) and secondary (Plate 
5I) types, though not in such numbers as the liquid- 
£ich inchisions: ultisvimpossibke to see intoumostiot 
these inclusions so the identification of their contents 
is difficult and no tests have been performed on them. 
In a few instances, however, inclusions which appear 
to be normal vapour-filled inclusions also contain a 
small, highly mobile bubble with low relief (at room 
temperature). This suggests that these inclusions 
are filled with CO,j-rich fluid, usually super-critical 
but occasionally sub-critical. 

CO z-bearing. Some inclusions contain two definite 


liquid phases and a small, mobile, low-relief bubble 


Akg. 43; Plate 5J and K). In a few instances the 


latter can be made to disappear under intense illumi- 
nation. This fact and the relative refractive indices 
of the phases indicate that the two liquids are water 
and liquid COz. The phase ratios vary from 
inclusions in which the liquid CO) is more abundant 
than water (e.g. TypelIV above), through those with 
sub-equal amounts of CO, and water, through those 
in which minor CO, forms a definite double meniscus 
round the bubble (Plate 5J and Kj), to those in whicha 
thin double meniscus is probably present but it cannot 


with certainty be distinguished from optical effects 
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(Plate 5G). Those inclusions which are definitely 
CO. -bearing therefore grade to the simple, two- 
phase, liquid-rich type. In addition, they are very 
similar in nature to the unknown number of liquid- 
rich, vapour-rich or vapour-filled inclusions in which 
the “vapour phase’ 1s super -critical CO, -rich fluid. 

Inclusions of this category occur in many of the 

rocks though the amount of liquid CO, is usually 
small enough that the inclusion must be listed as only 
probably having three phases (Table 19). Inclusions 
definitely containing liquid CO, have been observed in 
both primary and secondary categories. 

Type VI. Liquid-filled. Some highly irregular, dendritic 
inclusions on healed fractures are single-phase, 
aqueous inclusions. Many show evidence of having 
necked cee but some do not. 

Table 19 summarises the types and approximate abun- 
dances of inclusions observed in the twenty samples. Considering the 
suite as a whole, the liquid-rich inclusions are by far the most com- 
mon-primary and secondary inclusions. Solid daughter minerals are 
uncommon and small in size and are more abundant in secondary 
inclusions. Vapour-rich primary inclusions are common but some 
secondaries are also present. Vapour-filled inclusions are common 
in both primary and secondary categories. Definite CO5-bearing 
inclusions with a wide range of liquid phase ratios occur as both pri- 
mary and secondary inclusions. A few single-phase secondary inclu- 


sions filled with aqueous liquid testify to a recrystallisation history 
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TABLE 19 : Types and approximate abundances of fluid inclusions 


observed in the irregular quartz veins. In the Type II column 
the X's refer to cubes, probably halite, and the other words 


indicate rare second daughter minerals, if present. 
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KEY: XXX = Abundant; XX= Present; X=Only a few observed, 
?=Thin double meniscuses, probably liquid CQo. 
P=Primary; S=Secondary. 
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which continued to low temperatures. 

Homogenisation studies. Temperatures of homogeni- 
sation have been determined for 145 selected inclusions in eleven 
samples of irregular veins. Only determinations which satisfied the 
following criteria of reliability have been accepted as usable: 

(1) There must be at least two determinations agreeing within 10° C. 
on each inclusion. (2) On cooling, the inclusion must appear exactly 
the same as it did before heating. The only exceptions were in the 
case of Type II inclusions in which only single determinations were 
made because the daughter minerals commonly failed to re-appear on 
cooling. 

The results are summarised in Figs. 44and 45. There 
is a wide variety of homogenisation temperatures ranging from less 
than 100°tC.sto more than 360° C.. The statistical maxima for the 
suite taken as a whole are given by Fig. 45. The secondary inclusions 
mostly homogenise between 115° C. and 165° C. The majority of the 
primary inclusions homogenise in the range 210-270° C., possibly 
with a subordinate maximum at 315-335° C., 

Thirty of the inclusions tested did not homogenise in 
the working temperature range (Fig. 44). Of these, sixteen had 
bubbles which appeared to shrink as the temperature was increased 
and therefore would probably have homogenised in the liquid phase at 
some higher temperature. Another three had vapour bubbles which 
were apparently growing. The other eleven inclusions displayed no 
noticeable change between room temperature and 350° C., despite 
having a wide range of initial phase ratios. Two of these were sec- 


ondary inclusions which should, according to the other determinations 
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FIGURE 44 : Illustrating the response to heating exhibited by 


fluid inclusions in the irregular quartz veins. 
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FIGURE 45 : Cumulative frequency plot of homogenisation temperatures 
of fluid inclusions in irregular quartz veins from the Prosperous Lake 


area. Only inclusions homogenising below 360°C are shown -- see text. 


on secondary inclusions, have homogenised at less than 200° C. The 
significance of these observations is discussed below. 

Salinity. Inthe absence of freezing point determina- 
tions, it is possible to make only crude estimates of salinity. It has 
already been noted that the primary inclusions are generally under - 
saturated in salts at room temperature while some, but not all, of the 
secondary inclusions are saturated. This means only that the primary 
inclusions contain less than about 26 wt. % equivalent NaCl and the 
saturated secondaries contain more than this. According to Kelly and 
Turneaure (1970) those inclusions saturated in both KCl and NaCl con- 
tain about 0.126 gms. KCl and 0.258 gms. NaCl per cc. of the solu- 
tion. A typical saturated secondary inclusion contains about 7-8 per 
cent by volume of vapour (Fig. 44) and a maximum of 2-3 per cent by 
volume of solid daughter. These figures give an upper limit of 
35 wt. % equivalent NaCl for all the inclusions observed. 

Some data on the dissolution temperatures of the solid 
phases hawe been collected (Table 20). By using the curves of Keevil 
(1942) these temperatures can be used to derive approximate salinities. 
The data apply, of course, only to those inclusions containing solid 
daughter minerals, i.e. the most saline ones. The results are in 
agreement with the crude calculations above, indicating that the most 
saline fluids observed contain about 30 wt. % equivalent NaCl. 

Estimates of the actual salinity for the primary inclu- 
sions are impossible without freezing data. It must be less than about 
26 wt. % equivalent NaCl (above) but the presence of very rare halite 
cubes suggests that the concentration approaches saturation at hain 
yf : 


temperature. A salinity of 20 wt. % equivalent NaCl is tentatively 
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TABLE 20: Approximate salinity data for (saturated) fluid 
inclusions in irregular quartz veins. 


Primary or Dissolution > Inferred** 
Secondary Temperature Salinit 
Sample No. (P or S) (ce (wt. % equivalent NaCl) 


I-l 100 28 
I-4 S Cin L560 29 
(2) >240* ? 

150 29 

186 31 

I-7 (1) 150-160 30 
(2) > 260* ? 

(1) 140° 29 

(2) >250% % 

130-160 29 

I-12 ; 103 28 
115-1:20 29 


I-15 140 a9 


*Second daughter present. Was not dissolved by slow heating to the 
specified temperature. 


**Curves of Keevil (1942). 
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accepted for the primary fluids. 

The vein-forming fluids. Several of the observations 
above indicate the nature of this fluid: (1) Water, liquid CO, and NaCl 
are the important phases present in both primary and secondary fluids. 
(2) The primary fluids were rather less saline (ca. 20 wt. % NaCl) than 
the secondary fluids (ca. 30 wt.% NaCl). (3) The phase ratios of 
aqueous and CO,-rich fluids are very variable, probably from 100 per 
cent aqueous to 100 per cent CO,-rich even within the same array of 
inclusions (Plate 5E, F and H). (4) Some of the inclusions show no sign 
of change in the phase ratios on heating. (5) Most of the inclusions 
homogenise in the liquid phase but some homogenise in the vapour 
phase. Rare inclusions homogenise by fading of the meniscus. 


These*properties indicate that the veins formed from 


a two-phase fluid containing immiscible NaCl-water and CO 9-water 


phases. The existence of such fluids at high temperatures and press- 
ures has been demonstrated by Takenouchi and Kennedy (1965) and 
their behaviour has been examined in detail by Smith and Little (1959) 
and Roedder (1965). 

Absolute temperatures. Smith and Little (1959) demon- 
strated that the homogenisation temperature is related to the temper - 
ature of formation in one of two ways for such two-phase fluids. 
Inclusions of either one of the two phases alone have homogenisation 
temperatures equal to the temperature of formation and requiring no 
pressure correction. Inclusions which trapped mechanical mixtures 
of the two phases have homogenisation temperatures greater than the 
true temperature of formation. Many of the features of Figs. 44 and 


45 are immediately explicable. All those inclusions which showed 
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FIGURE 46 : Showing the relationship between the minimum observed 
temperature of homogenisation of primary inclusions in each 
irregular quartz vein and their positions in the metamorphic 


aureole (see text). 
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little or no change of phase ratios on heating were trapped as mech- 
anical mixtures of the two phases. The pressure corrections (Lemm- 
lein and Klevtsov, 1961), which yield unrealistically high temperatures 
of 550-650° C. for the majority of the primary inclusions, should not 
be applied. The homogenisation of some inclusions by expansion of 
the 'bubble' is due to the entrapment of dominantly the CO j-rich phase. 
These conditions of formation provide an extremely 
potent tool for the determination of temperatures in high-pressure 
regimes where pressure and salinity corrections are large, approxi- 
mate and based on extrapollation of data. Homogenisation tempera- 
tures of both Hj,Q-rich and CO j-rich inclusions should "approach a 
minimum, which would be close to the temperature of formation!" 
(Smith and Little, 1959). Further, the inclusions which trapped 
single-phase fluid are more likely to be aqueous than CO -rich. There 
is no way of distinguishing, in the heating stage or in Fig. 44, inclu- 
sions which teappea only aqueous fluid from those which also trapped 
a small amount of carbonic fluid. The only possible criterion isto 
take the minimum observed homogenisation temperature for the 
primary inclusions. Fig. 46 gives the resultant temperatures of for- 
mation of the quartz veins in relation to their geographic location 
(Fig. 42). It shows a general decline from 220-280° C. in the north- 
east to 160-200° C. inthe south-west, The metamorphic tempera- 
ture during emplacement of these veins (Phase I!) is thought to have 
increased from 250-300° C. in the south-west to 525° C. in the north- 
east. Figure 46 is compatible with this grade change though the 
actual temperatures are lower than anticipated from the mineral 


assemblages. This may be because a salinity correction is 
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TABLE 21: Summary of phases present in fluid inclusions in 
metamorphic quartz veins studied by previous 
authors. Data trom iNocdaer L972 mal apple i). 
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required even though a pressure correction is not, or because the 
veins formed ina slight metamorphic lull between metamorphic 
Phases I and II (Fig. 37). “Another possibility is that the supposed 
time or their formationmsmincormect and they really crystallised in 
Phase Ilb of metamorphism. 

Previous work. Table 21 summarises (after Roedder, 
1972) previous identifications of phases in inclusions in quartz veins 
from metamorphic rocks. Carbon dioxide is present in about half 
the veins listed, solid NaCl in slightly less than half and solid KCl in 
about a quarter. Clearly the phases identified above are quite com- 
monly present in comparable veins, though their derivation from a 
two-phase, immiscible fluid mixture may be less common. Examples 
of immiscibility of aqueous and carbonic phases have been given by 


Little (1960) and Roedder and Coombs (1967). 


Fluid Inclusions in the Gold-Quartz Veins 

Inclusions in suites of representative samples from the 
Ptarmigan No. 1 and Tom No. 3'Vveins have been studied by petro- 
graphic and heating-stage methods. The inclusions in these quartz 
samples are generally smaller and less suitable for study than those 
in the irregular quartz veins and homogenisation determinations are 
accordingly more difficult. 

The inclusions. Like the irregular veins, these con- 
tain innumerable tiny inclusions (Plate 5C). Rare ones are up 15-25 
microns in size, rather more are about 5-10 microns and the vast 
majority are much less than 5 or even 1-2 microns. Solid inclusions 


are rather more common than in the irregular veins but the types of 
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TABLE 22: Descriptions of gold-quartz vein samples used in the 
fluid inclusion study. 


Location Sample No. 


Ptarmigan 1 


Tom 8 


id 


iz 


Description 
Late(?), vuggy quartz with galena and 
sphalerite. 
Barren quartz of dominant vein type. 
Barren, milky, massive quartz with 
surface Fe-staining. Dominant vein 
quartz. 
Milky vein quartz. Massive, but contain- 
ing a few small vugs filled with sphaler- 


ite. 


Massive, barren, light grey quartz 
typifying abundant vein quartz. 


Barren, sugary grey quartz. Granular. 


Massive, barren, grey quartz. 
Massive barren quartz. 


Massive, barren, mottled grey and white 
quartz. 


Gossanous, vuggy, pyritic quartz from 
margin of vein. 


Clear grey quartz, slightly vuggy with 
minor sulphide. 
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fluid inclusions present are the same. The definition, illustration and 
description of the inclusion types is therefore exactly the same as 
given (above) for the irregular veins and no further description is 
necessary. 

Table 22 gives the locations and descriptions of the 
samples studied. Table 23 is a summary of the types and relative 
abundances of inclusions observed in these samples. Liquid-rich 
inclusions are the most abundant in both primary and secondary cate- 
gories. Solid daughter minerals are rare in primary liquid-rich inclu- 
sions but occur in the secondaries in some samples. No daughters 
have been observed in vapour~-rich inclusions which are present in 
most samples as primary inclusions but much less commonly as sec- 
ondaries. Vapour-filled primaries are always present and vapour - 
filled secondaries commonly so. Carbon dioxide has been observed 
in both primary and secondary inclusions but it is usually present in 
small amounts yar must therefore be listed as being only possibly 
present. In addition to definite CO,-bearing inclusions, there are 
those of Types II and IV which probably contain CO,. Clearly the 
types and abundances of inclusions are very similar to those in the 
irregular, quartz veins (compare ables 19 and 23). | Solid daughtéxvs 
are marginally less common and vapour-filled primaries are more 
ubiquitous in the gold-bearing veins but otherwise the inclusion suites 
are indistinguishable. 

Similarly, the different types of quartz contain very 
similar suites of fluid inclusions, (Table 23). The only noticeable 


differences are that the late, vuggy, quartz samples contain 
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vapour-rich secondary inclusions while the more massive barren 
quartz does not. 

Homogenisation studies. The gold-quartz veins are 
highly unsuitable for heating-stage examination. All the inclusions 
are very small and primary inclusions are both rare and difficult to 
recognise. In twelve doubly polished quartz plates only 59 useful 
inclusions have been found (Fig. 47) and homogenised. 

The typical, massive, sulphide-free quartz of the veins 
(probably including sample Ptarm. 4) is particularly free of usable 
inclusions. Four primary inclusions in quartz of this type (and three 
probable pseudo-secondaries) homogenised in the range 240-310° C. 
(Fig. 47) but most showed very little change on heating to 350° C. 
Two secondaries and one probable secondary inclusion homogenised 
between 120-150° C. 

The two samples of late, vuggy, sulphide-bearing 
quartz contain rather larger numbers of usable inclusions. (Sample 
Ptarm. 6, which was classified as 'uncertain' in Table 23, may also 
belong to thigycategory.) Inethese two rocks, 17/of the 22 primary 
inclusions homogenised did so between 140-2209 C. Several inclu- 
sions, of both liquid-rich and vapour-rich categories, displayed little 
response to heating. 

Thus the limited data available suggest that homogenisa- 
tion behaviour in the gold-bearing veins is very similar to that estab- 
lished for the irregular veins. For the main vein-forming quartz 
homogenisation of primary inclusions occurs at rather higher temp- 
eratures (ca. 240-310° C.) than in the later, sulphide-bearing quartz 


(140-220° C.) which is reputed to contain the gold (see above). Most 
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FIGURE 47 : Illustrating the response to heating exhibited by 


fluld inclusions in the gold-quartz veins. 
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of the secondary inclusions in both quartz types homogenised in the 
range (20220026: ). 

Salinity. Table 23 shows that the presence of daughter 
salts is erratic, even within one quartz type. Only single cubes have 
been observed and no inclusions contain more than one daughter. All 
the observed cubes are probably halite but this cannot be proven with- 
out freezing apparatus. 

The salinity can only be crudely determined with the 
available data. The primary inclusions in the massive, barren quartz 
are apparently undersaturated at room temperature but probably are 
saline, perhaps in the range 15-25 wt.% NaCl. Solid daughters are 
more common in the secondary inclusions but their presence is still 
erratic. Of the late, vuggy quartz samples, only one contained abun- 
dant solid daughter material and Table 24 gives some crude salinity 
data for this sample. Apparently the maximum salinity attained by 
these fluids was about 31 wt. % equivalent NaCl. 

The vein-forming fluids. The arguments presented 
above to show that the irregular veins formed from an immiscible 
mixture of CO,-rich and HjO-rich fluids apply equally to the gold- 
bearing veins. The salinity of the hydrous phase was generally mod- 
erate (perhaps 20 wt. % NaCl) but there were sporadic influxes of more 
saline fluids (up to about 31 wt.% NaCl). No consistent distinction 
between the fluids of the massive barren quartz and that of the later, 
vugey, sulphide-bearing quartz has been observed. 

Absolute temperatures. It follows that the hornogenisa- 
tion data for these veins should be interpreted according to the model 


of Smith and Little (1959). The data are limited in amount but suggest, 
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TABLE 24: Approximate salinity data for (saturated) fluid inclusions 


in the late(?) sulphide-rich phase of a gold-quartz vein. 


Primary or Dissolution Inferred* 
Secondary Temperature Salinity 
Sample No. (P ors) (Cy (wt. % equivalent NaCl) 


*After Keevil (1942). 
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on this model, that the main portion of the veins were deposited at 
about 250° C. while the vuggy, sulphide-rich quartz was deposited 
at about 150° C: 

Previous work. Table 25 lists the phases identified in 
previous studies of gold-quartz veins. Liquid CO) is a very common 
phase, occurring in nearly half of the recorded rocks.” Solid daughter 
minerals are apparently rare. Thus the nature of the fluid identified 
above is typical of previous descriptions of gold-quartz veins. 

Gold deposits apparently very similar to these have 
been described by Koltun (1965). He found a similar variety of inclu- 
sions including three-phase inclusions with CO, and noted a ''fair 


' These veins were, however, formed at 


variety of phase volumes. ' 
lower pressures than probable for the Yellowknife deposits. Koltun 
concluded that vein formation began at about 420-370° C. with the 
formation of quartz-cassiterite-scheelite veins and that temperature 
declined steadily eaten Milky-white quartz with pyrite, tourma- 
line, ankerite and other minerals (perhaps equivalent to the massive 
quartz of the Tom and Ptarmigan veins) formed from. 310-180° C., 
followed by quartz with gold and the bulk of the sulphides (including 
pyrite, galena and sphalerite) at 180-150° C. This last stage seems 
comparable with the late, vuggy, sulphide-rich phase of the Yellow- 
knife veins. At still lower temperatures (120-70° C.) Koltun observed 
another phase of quartz-sulphide-gold mineralisation followed by cal- 
cite and pyrite at 100-30° C. These two phases have not been 
observed at Yellowknife, at least in veins in the meta~sediments. 
Although the first and last of the phases observed by 


Koltun have not been observed in the Tom and Ptarmigan veins there 
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TABLE 25: Phases previously identified in inclusions in the quartz 
of gold-quartz veins. (After Roedder, 1972.) 
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is a remarkable similarity of mineralogical paragenesis and fluid 
inclusion types. The absolute temperatures cited by Koltun were 
corrected by about 34° C. for pressure, which has not been done here. 
Considering this, the temperature sequence of equivalent mineralisa- 


tion phases is also very similar. 


GOLDIN THE\COUNTRY ROCKS 

There is little information on the gold contents of 
unmineralised country rocks at Yellowknife. Some data have been 
given by Boyle (1961; see Table 26) and these may be supplemented by 
analyses of rocks from an Archaean greenstone complex in Manitoba 
(Stephenson and Ehmann, 1971; Table 26). Gold is apparently present 
in both the greenstones and the meta-sediments but is not enriched in 
these rocks relative to the others. The noteworthy feature of Table 26 
is that the hypabyssal dykes seem commonly to contain much more 
(x10) gold than the other rocks. Stephenson and Ehmann concluded 
tentatively that the mafic intrusions were the source of the gold in the 
Rice Lake area. However there is no known spatial relationship 


between such intrusions and the ore deposits at Yellowknife. 


ORIGIN OF THE GOLD DEPOSITS 

The previous theories for the origin of these gold 
deposits were reviewed in the introduction to Part IV (above). The 
structural and fluid inclusion evidence presented above leads this 
author to suggest the following model for the origin and evolution of 
the deposits. It is derived principally from work on deposits in the 
meta-sediments but can probably be extrapolated to those in the meta- 


volcanic rocks. 
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TABLE 26: Published data on the gold contents of rocks of 
Archaean greenstone belts in Canada. 


Yellowknife (N. W. T.) 


Au(pipames) 
Greenstones OROE EO O08 
Basic dykes <0.01 
Tuffs 0201 to-0. 07 
Meta-pelite 0. OL 


Meta-greywacke <0.01 
Quartz-mica schist 0.01 
W. Granodiorite <0. 01 
Qtz-fsp porphyry 0.10 


Prosperous Lake 
Granite 0.01 


Pegmatites 0 On 


Boyle (1961) 


Rice Lake (Manitoba) 


Au(p. p. b. ) 
Meta-basalts Oe 
Mafic intrusions 18.2 
Quartz diorite ay rer aS 
Otz-fsp porphyry oheee aes eye 
Qtz monzonite 0:3 


Stephenson and Ehmann (1971) 
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The gold-bearing structures and their contained min- 
erals were formed in the waning stages of deformation and metamor - 
phism when relaxation of deforming stresses allowed the formation of 
dilatant zones controlled by the remnant deformational forces. Defor- 
mation in each structural domain was related to batholith emplacement 
and it seems probable that stress relaxation was due to cessation of 
batholith inflation. The deposits in the meta-volcanic rocks therefore 
formed immediately following emplacement of the Western Granodior- 
ite (see also Robertson and Cumming, 1968) and those in the meta- 
sediments slightly later, following intrusion of the Prosperous Lake 
pluton (see also Fortier, 1946). 

These dilatant zones formed channelways for the 
upward(?) passage of hot siliceous solutions which deposited quartz, 
pal pleidice and gold. There is no systematic spatial relationship ae 
between golid-bearing veins and any batholith and they are randomly 
widespread in the region. This implies that suitable fluids were pre- 
sent throughout and that deposition of quartz and gold occurred only 
where essential structural, physical and chemical conditions operated. 
The ore-forming fluids were metamorphic pore-fluids which migrated 
into structurally determined zones as soon as relaxation of deforming 
pressure allowed this to happen. The nature of the fluids themselves 
is compatible with such a derivation. 

The gold-bearing fluid was an immiscible mixture of an 
aqueous phase of moderate salinity with a CO -rich phase saturated in 
water. Such a fluid would be expected to form during metamorphism 
of a sedimentary pile of this type. Prolonged dehydration accompany - 


ing metamorphism would provide abundant water. Graphite is present 


~ ay hast brortlsctenn a ajadd brow. eraty 
“9 erniehyem, baw naisenesial we enue 5 
to noloaenriol wh bewells seeps sie: vininnal i 
orkott Ryan? lenaitigmoleh cneeeneh aes 
4 101 ashen sito « Agelort eee ais 
to. Holies aso Of sid ane notiseatot Bagite aa vo speuind 
wterte dash estoo® ving liy~slacg est nt sdincqebiadT “tit ia 
tothonssD ova W od to frsineosiqns sabi lodsib ald ‘ia . 
.~giora alt ai eeudd bag TO0PT sgalenenad bas ngastadas ai 


‘ind tuetiogot. att tonal aes ests ons 


ere ry 


a ; Nae abi a 
bm vere re 3 (ie meitia lar LARS a9 wits Streets ve on er an seca Ge ab é fh 
plan. ear: Ne ; 


wie bine wie yout deh Avidontted ye Bre. enti yatcpad- bi 
“ong £ otow wit sldative tare ol iqeett eidT sige ont a ea 


Veet) ape rune B 3 ae a 
winx be ade te ood eo) bey Os we? aaa Jo notiigegeh: vail fs iG rT me 
‘sé ris gran Bree 
were ala bak bs ted 


Makinaqe = xi HGhtie: i levied Bis teoieydg are a 
batriaion donw ehinh preg: ridgrorsso rt oaaw ebieh pale ~and: Q =a iY : 
giingneleb to sotngesion as pope es Raabe boniattsted: vile ‘oorttao 
geviowrmls sahisll od? Yo erutsn oT mpage ot ald? bawolle sone 

ad) nolsevineb enews, siiw oldivememeisied 
aes wameGer oldioutcarnt pus ay See ee ote | ots ari ae 7 
(ah dnrurss analy faite OO aise ‘yaiaiise sta tohour Yo susie : : 
Ms ores gait fect arte? of nasanns ‘od biwow bhulh # one; re rote ; 
107 is Kaien chsh bemmildaS carta ids de. olig cditnenibon ss eo as 
trees gRiganD _viekmw pct ubivong: biter ascent on 


iy / e* Ms ' >is 


in the meta-sediments and French (1966) has shown that fluids in 
equilibrium with graphite must contain abundant CO. Boyle (1961) 
reports Cl concentrations of 100-400 p.p.m. in the meta-sediments 
and it seems entirely reasonable that chloride ions should be concen- 
trated in the pore-fluid leading directly to the dissolution of Na and 
probably K in the fluid phase (e.g. see Burnham, 1967). Pyrrhotite 
and pyrite are the main sulphides present in the meta-sediments and 
Seward (1973) has shown that solutions buffered by this assemblage 
-can dissolve appreciable quantities of gold over a wide range of pH. 
Since most of the gold in the meta-sediments is contained in sulphides 
(Boyle, 1961) prolonged coexistence of fluids with these sulphides is 
very likely to have dissolved both sulphide and gold. 

There has been extensive discussion in the literature 
on the hydrothermal transport of gold and the nature of the solutions 
which carry it.. There are two basic schools of thought: -(b): That gold 
is dissolved and transported in acid chloride solutions (Ogryzlo, 1935; 
Krauskopf, 1951; Helgeson and Garrels, 1968) particularly under 
oxidising conditions (Barnes and Czamanske, 1967) and (2) That it is 
carried in alkaline sulphide solutions (Ogryzlo, 1935; Barnes and 
Czamanske, 1967; Boyle, 1969; Weissberg, 1970). Most recently 
Seward (1973) has pointed out that most hydrothermal ore fluids are 
probably close to neutral in pH and has demonstrated that thio- 
complexes of gold, particularly Au(HS)5, are of great importance, 
especially in neutral solutions. He concluded that gold is probably 
transported as both thio- and chloro- complexes and is deposited by 
changes in temperature, pressure, pH, oxidation potential and(or) 


total sulphur concentration. 
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In the Burwash Fm. the initial stages of quartz vein 
formation did not precipitate gold’ “fhe later, gold-bearing phases of 
the quartz mineralisation contain more sulphide than the preceding 
phases and were probably deposited at about 150° C. from a two-phase 
fluid whose brine phase contained considerable quantities of base 
metals, sulphur and gold. The earlier, barren quartz of the gold- 
bearing veins was deposited from a very similar brine-CO, two-phase 
fluid at about 250° C. but contains much less sulphide and gold. The 
irregular quartz veins were deposited from similar fluids over a 
temperature range from about 160-260° C. (Fig. 46) but perhaps at 
higher pressure than the gold-bearing veins. They contain only traces 
of sulphide and apparently no gold. 

It appears, therefore, that sulphur was the critical fac- 
tor in the formation of gold mineralisation, either by its absence from 
the earlier solutions or by its precipitation from the later ones. Gold 
ii apuohyaeraicnss 4 may have been present but the gold was apparently 
not deposited from these because there is no detected difference 
between the salinities of the barren and gold-bearing quartz. Thus it 
was the decomposition of gold thio-complexes which led to precipita- 
tion of both sulphides and gold. Since the pH of the solutions is 
unknown, one cannot judge which thio-complex was involved but it 
seems likely to have been the Au(HS)>5 suggested by Seward (1973) or 
the AuS~ of Barnes and Czamanske (1967). The reason for the decom- 
position of the complex and consequent deposition of the gold is uncer- 
tain. Boyle (1969) has argued that the reduction of pressure in dilatant 
zones was the critical factor but Seward (1973) believed it to have only 


a minor effect. It seems probable that fluids passing in such 
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channelways are derived from a variety of sources and therefore, 
when mixed, have different chemical properties from those of any 
particular supply of metamorphic fluids. Thus gold-bearing fluids 
equilibrated with reduced meta-sediments might be introduced sud- 
denly into dilatant zones of very different oxidation potential or acidity. 
Such changes could produce precipitation of both gold and sulphide. 
Reduction of temperature would have the same effect as thereisa 
marked decline in the solubility of most of the gold-bearing species 
(Seward, 1973, Fig. 11) below about 200° C., which agrees fairly 
well with the suggested depositional temperatures of the gold-bearing 
quartz. 

This model calls on the dissolution of gold from the 
country rocks during metamorphism but does not explain the ultimate 
origin of the gold. This author has no new data on this subject but is 
impressed by the anomalously high gold content of the hypabyssal dyke 
rocks in the area (Table 26). The basic dykes in the meta-volcanic 
rocks are thought to have been penecontemporaneous with the lavas 
(e.g. Henderson and Brown, i966) and therefore were potential source 
rocks during the metamorphism which produced the gold-bearing 
veins (see Stephenson and Ehmann, 1971). It was suggested in Part Il 
aes that the sediments were derived from volcanic and hypabyssal 
rocks which formed island clusters above the present granodiorite 
batholiths. If the high gold contents of the quartz-feldspar porphyries 
and tuffs (Table 26) is representative of many rocks in this phase of 
plutonism then the sediments derived from them would contain abun- 
dant gold. 


Thus the gold deposits are thought to have originated by 
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a lateral secretion mechanism of the type suggested by Boyle (1961 and 
other papers). This conclusion is directly at variance with the vari- 
ous authors (e.g. Henderson ana vomsite, 1959; Coleman, 1957; 
McConnell, 1964; Ames, 1962; Chary, 1971) who concluded that the 
gold was deposited from hydrothermal waters of magmatic origin. It 
is in agreement with the suggestions of Folinsbee (1942) insofar as the 
deposits were metamorphically generated in the waning stages of 
metamorphism but differs from his suggestion that they were formed 


by retrogressive or hydrothermal metamorphism. 
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PART V: SUMMARY AND CONCLUSIONS 


CONCLUSIONS OF LOCAL APPLICABILITY 
Structure 

The structural geology of the area has been investi- 
gated at a reconnaissance level. The area is structurally inhomo- 

_ geneous and can be divided, on the basis of orientation and style of 
folds and cleavage, into five small structural domains whose approx- 
imate extents are shown in Fig. 4. Three of these domains are spa- 
tially and genetically related to batholith emplacement while the 
fourth and fifth are considered to be due to the interaction of two 
others. Superimposition of folding phases is generally apparent in 
only one of these domains (the Isiand Lake domain) but there are some 
suggestions of multiple deformation in the Yellowknife Bridge and Hay 
Lake Domains. The existence of these domains testifies to the action 
of deformational forces of very limited extent and a batholith inflation 
model (Cliffaxd, 1972) accounts for many of the observed features. 
The structural characteristics of the individual domains may be seen 
from Figs. 5 to 11 and have been summarised in Part II above. 

These structural observations, together with previous 
geochronology, lead to the tectonic history presented in Table 1 and 
to the evolutionary model (after Glikson, 1972) represented schemat- 
ically by Fig. 12. The region evolved from Archaean oceanic crust 
in a single tectonic cycle in which all events were genetically related. 


Emplacement of the batholiths was the critical, causative factor 
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throughout the cycle being directly related to sedimentation, deforma- 


tion and metamorphism. 


The Prosperous Lake Aureole 

The Prosperous Lake pluton is surrounded by a wide 
(ca. 10 km.) metamorphic aureole with some paragenetic complexities 
but approximating an Abukuma facies series. The following pro-grade 
succession occurs in the pelitic and semi-pelitic rocks: (1) Chlorite 
Zone. Rocks of this grade have not been observed in the study area 
but have been reported by other authors (e.g. Henderson, 1972). They 
are very fine-grained phyllites and semi-schists characterised by the 
stable coexistence of chlorite, muscovite and ilmenite and the absence 
of bioute, (2) Biotite Zone. “The biotive 1s0grad has not Been observed 
DUL there is a Wide Drolite zone in Witcniplelile ti. present in every 
rock which contained the essential biotite-forming reactants (see 
below). This means that all Burwash Fm. rocks which have escaped 
complete hydrothermal retrogression contain biotite but Walsh Fm. 
rocks within the biotite zone do not. Biotite and rutile porphyroblasts 
in a chlorite-muscovite-ilmenite matrix inherited from the chlorite 
zone (Plate 3) are the characteristics of the biotite zone, which is 
sharply terminated by the cordietite isegrad. “{5) Vordierite Zone. 
In a short pro-grade interval (Fig. 30) cordierite porphyroblasts 
appear in all rocks which contained the essential cordierite -forming 
reactants chlorite and muscovite. Cordierite is present throughout 
the rest of the pro-grade sequence. The presence of cordierite and 
the absence of garnet characterises the zone. Andaiusite occurs 
sporadically, mainly in the upper cordierite zone. (4) Cordierite- 


tees 


garnet 'Zone'. In the higher grades near the pluton (Fig. 36) isa 
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Farge area in which cordierite and garnet coexist. “The garnet ‘is, 
however, paragenetically earlier than the cordierite and in some 
rocks shows signs of unstability and corrosion. Andalusite occurs 
sporadically. Cummingtonite and, less commonly, gedrite occur in 
some rock types. Problems of paragenesis and spatial distribution 
make the status of garnet in the pro-grade succession uncertain. 
(5) Sillimanite-staurolite 'Zone'. Incipient sillimanite occurs at the 
highest metamorphic grades in rocks adjacent to the pluton (Fig. 36). 
It is present in complex assemblages associated with corroded stauro- 
lite of an earlier paragenesis. 

This zonation has been interpreted in terms of a single 
metamorphic episode of gradually changing character (Fig. 37). 
Initially a moderate pressure (3-5 kb.) regime of regional extent pre- 
vailed, probably with metamorphic grade increasing North-Eastwards 
from Yellowknife Bay. Pressure gradually decreased and the 'ther- 
mal dome' associated with the Prosperous Lake pluton superimposed 
a more thermal facies series (2.5 to 3.5 kb.) on the existing assem- 
blages. Further pressure reduction and slow cooling led to late meta- 
morphic changes after the metamorphic climax. Hydrothermal 
retrogression was the last event, being separate from the main meta~ 


morphic cycle and related to faulting and diabase intrusion. 


Biotite Zone Mineralogy 

Rocks of the biotite zone are comprised of the following 
minerals: biotite -- chlorite -- muscovite -- quartz -- plagioclase 
with minor amounts of rutile, ilmenite, K-feldspar, pyrrhotite, pyrite 


and chalcopyrite. The mineral chemistry of the principal phases is 


241 


(at torrtay walt” Felnvos. ensdy Shaan | 
S frie nf bee akivedlives ads neds soiling patton 
Bis Dey at ath SIEM »Molsagso> Reg vit sau Yo 9 
ed: edd OO cE whey: nomena evel, bat ating tonto ae ar bso 
| | pa a 
nubidinteth Ie absege bas eit saage7sq. 30 ‘oda sr Hoe Ke : 
jinitsoau AobeReonne sbatysorg oft ni enti im anh 
fl) JG = yao Sows aeaiinaiam bce Ce ot ‘opoS! 3 ab iow ant 
ABE .ytt) nodiile ail 0d inwoniha: sxoor wt nobery somo 
sone bohet icp div be Telooeas « Ropaldeoae, xo iqero> nd § 
| its,? oe ; 
agate } ‘6 STE o sterq vod need eal anit sean i aul 
| ARE rl) +obewaeS yotgausda iiobery %6 teste 
srg tholts Ssivuiies ‘he cane att al e2rF axwstatg’ ‘ | | 
abaciwsen a fos s hide at on abary nidq7érmatony hiw Wdedor. abel m ‘y 
eon)’ adh bot baw kewash vitswbarg Giienc | paliste et is i 
beans: nati Dg sodiig oilnal sum tegeort ol) dite baraigones’ "y rin. f 
—fHyats gilteime od) em { aa £ oF a iat ae tomato 


Ferenodio zbyit ira he signers ont gas toy | 


\ 


wien idt Yo hopitaisies os es ate Stitoid “oiky eee | 
“Best aoigety i sfvagie -- iitwioacl -- efixelats we i gliadin | 

ati wBedstyg -vnqubtst-2 annenl” lines te ‘Staiiomin ‘onlin: dik Vel 
“si tdlnity tnigioning oa Io yieitions letenter oat eres isa 


_ an 
:% =e dul SI OG ar apart 4 hone 
+‘ ; 


summarised in Figs. 16 to 23. There are very restricted ranges of 
composition within which subtle differences due to metamorphic grade 
and host-rock chemistry may be discerned. 

The biotites are normal aluminous biotites with roughly 
equal amounts of Mg and Fe in the octahedral site. Those in meta- 
greywackes display compositional trends with grade but those in meta- 
pemtes donot (1g."'19). °° The muscovires sare slightly phengitic and 
approach ideality at higher metamorphic grades (Fig. 20). There is 
little differentiation between muscovites of meta-pelites and meta- 
greywackes in the Burwash Fm. but those of the Walsh Fm. are subtly 
distinct. The chlorites are ripidolites which display little composi- 


tional variation with grade (Figs. 21 and 22). The plagioclases of the 


S 
Walsh Fm. are very sodic. Those in Burwash Fm. meta-greywackes 
have a wide range of composition at low grades but display progressive 


equilibration towards intermediate compositions at higher grades 


(Fig. 23). 


Controls of Biotite Zone Mineralogy 
The analyses reveal a complex inter-play of factors 

controlling mineral compositions. The order of dominance of these 
controls varied for different mineral groups, for different host-rocks 
and even at different metamorphic grades. The effects of pressure 
and differing mineral assemblages were minimised by selection of a 
mineralogically similar suite of rocks from an aureole. Metamorphic 
temperature controlled biotite composition but only where permitted 
to do so by the bulk-rock composition, i.e. in meta-greywackes but 


not in meta-pelites (Fig. 19). In some instances (e.g. K) this means 
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that there is no apparent bulk compositional control at low grades but 
an obvious one at higher grades. Compositional changes in muscovites 
were determined almost entirely by metamorphic grade (Fig. 20). 
The influence of bulk composition was small within the Burwash Fm. 
but noticeable between the Walsh and Burwash rocks. Metamorphic 
grade apparently had little influence on chlorite (Fig. 22), its com- 
position being determined by the necessity to take up all Mg in the 
rock because no other Mg-rich phase was present. The principal 
control was therefore the Mg/Fe ratio of the host-rock. For the 
plagioclases an homogenisation process was induced by increased 
temperature (Fig. 23) but the final composition of the homogenised 
plagioclase was determined by the Ca content of the rock because no 


other Ca-rich phase was present. 


The Origin of Biotite 
The textural features of the biotite-zone rocks (Plate 3) 
and the mutual variation of the modal percentages (Fig. 25) suggest 


that biotite grew by a complex reaction approximated by the formula 


Chlorite + Muscovite(1) + Ilmenite —~» 


Biotite + Muscovite(2) + H,0 + [Rutile, Qtz, K-feldspar] 


The reaction occurred by chemical modification of chlorite which was 
simply consumed in the reaction without any compositional modifica- 
tion of the chlorite which remained. Ilmenite was similarly consumed 
(Pigsad Ws Muscovite, however, was modified in composition while 
being partially consumed. As more bictite was produced the muscov- 


ite became depleted in K and (Mgt+tFet+Mn) but enriched in Ti (Fig. 26). 
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This is interpreted to mean that decomposition of muscovite yielded 
rather less K and (MgtFetMn) and rather more Ti than could be 
accommodated in the biotite so that the excesses and deficiencies 


were re-distributed in the remaining muscovite. The composition of 


the. biotite produced depended somewhat on the extent of reaction (Fig. 


24), implying that there were scarcities of some elements which 
caused deviations from the optimum biotite composition as more bio- 
tite was formed. Rutile was not produced in a fixed ratio to biotite 
(Fig. 27), apparently being formed only in amounts necessary to fix 
Ti excesses which could not be accommodated in biotite. Quartz and 
K-feldspar may similarly have been produced only as necessary to 


fix excess components rather than in fixed stoichiometric ratios. 


time Origin of Cordierite 
Textural relations (Plate 4) and micro-probe analyses 


(Fig) 32) of minerals from the cordierite isograd (Fig. 30) indicate 


that cordierite was formed by a modification of a well-known reaction: 


Chiorite + Muscovite(1) + Quartz Jel otite(1).———> 
Cordierite + Biotite(2) + H,O+ [Ilmenite, Chlorite, 


Muscovite(2 ) 


This differs from the commonly reported reaction in that biotite was 
present before the epee de of cordierites Asa result the véexisting 
biotite was compositionally modified rather than a new biotite being 
formed (Fig. 32). Cordierite appeared at the isograd in all those 
rocks which contained the essential reactants, notably chlorite and 


muscovite. The coexistence of these minerals was determined by the 
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previous reaction history of the rock and there was no direct control 
by bulk composition on the appearance of the cordierite. The cordier- 


ite isograd represents temperatures of 550720° C. @ca. 3 kb. 


Origin of the Gold Deposits 

Three of the gold deposits in the Burwash Fm. have 
been examined (Figs. 38, 39 and 40) and sampled. The relationship 
of these deposits to the characteristic structures of the structural 
domains in which they occur (Fig. 41) indicate that they were deposited 
during the relaxation stage of deformation in each domain. Dilatant 
zones permitted by this relaxation but still controlled by the remnant 
deforming forces channelled hot siliceous fluids which deposited 
quartz and gold. The fluid inclusions are very varied (Fig. 43) and 
represent a two-phase immiscible mixture of a brine of moderate 
salinity and a CO9-rich fluid. The nature of this fluid is. entirely 
compatible with an origin as pore-fluids in the country-rocks during 
mxctamorphism. , The-deposits were, formed by lateralsecretion, of 
these metamorphic fluids into dilatant zones. The initial stages of 
quartz vein formation occurred at about 250° C. from two-phase fluids 
which either contained little gold and sulphide or were not constrained 
to precipitate them. “ihe tater-Tluids contained or precipitated much 
more sulphide and gold and deposited them at rather lower tempera- 
Pere (probably about 150° Co). The omen association of gold and 
sulphides suggests that sulphide was the essential complexing agent 


for transporting the gold rather than chloride. 


lotlnes tayath On Rw eset) Bite bs 
-thibwe4 ott atingibanp> att. We paganes a : 
i$ cats a. i> 082082 Yo, aan 


oval rad Ae weed orld sa etinogab ‘tay seh a iit ay " os 


7 mi: 
% ye waste) aie wa f dealgtene bee ies baw of agen : sul) be 
Leia hire eth tS uevaasidatobiat 4iteiy sates deat 3 sin v7 


a) 
vets 
aye eg) M4) 


guia ahh us) eT AOA9 41 Mot Hantroteb i saat fueliax / 
Inhttiot HED y aT teres 3 [its tard. goterales cath ed hestlarcer 
mis a 
hotinoqel daidtw ablott agpaaltis sovet ho liadaikly ghsnel bade 

P i - eC itt Rear fis wang 
hag (oh .904) bes4ay yoy ome edoleglsuk bintt ofT. ‘the we 


irohoow. th etd id 2 Jeet deere sidiiseicrash peadgrona yds mane ne 

Me tua a, 

eli skanisat b(t a tefl | he Higa mer Ue ae sbhasty daiang09 #t a , 
Beh acto wetonan. srlpart abint. rreath nlaleien lei ote 
VG roi cxe0 tna stel gel depo? exew etinogubiad 


te aogeld Lettini oT donor tnatelih otmt, ‘ebeuty Otero aes e mT | 


a Fi ne <i TY Ay, 4 j , 
Bight sacde-owi mio. <> BBS iuods 1K heaseuyg acinaomicl ap 
a oT, Ae ij ss : : : 
trghitenes ton oraw oo ohtmetare aes ie olivil. bontainon aodtia tk ms 


cv hersdiqive’s dg tc bent tern abtuft ‘voial ott sertods ery 
ASRRAHOME Tew! xoriiet ot amet besieagab, bas blop bap shiigine. 23000 ih 
tae hha Xo noitaisoris seciimeal ed T fies, “hee tuodh ae ~ 
ae webiatnenc., D likinoges aut mae ob ‘ 9, tade edscuaue xobldaie | 
gel, _ abiotity sant andes fog cult golsnogunent tat 


Cee: . eee . anise ig Cae 


f id * ta 4 
va eu) ; | 
ei | tS a ie Da ce 
“i =. ae ; : > >. CO er ah = 
i y nes) - « . . ‘ ’ Fit / a 
j a K 7 ; i y ) WM i | time 
} a ini © ? is 
= 6% = D ay 
j . - ; : s Tat 
i 7 1aa AY 2 a 


CONCLUSIONS OF GENERAL APPLICABILITY 
The work reported above has led the author to the 


following conclusions of more general application. 


Evolution of Cratons 
This area seems best explained by an evolutionary 


model of the type suggested by Glikson (1972) and Green and Baads- 


gaard (1971) in which the craton was formed during a single cycle of 


vulcanism, plutonism, sedimentation, deformation and metamorphism. 


A model has been suggested in which extensive elongate ‘island 
clusters' represented the upper levels of the batholiths now exposed, 
continuously shedding detritus onto oceanic crust in the intervening 
basins while upward migration of the batholithic masses beneath 
initiated deformation. It seems, further, that the continued upward 
movement and lateral inflation of these batholiths were the cause of 
much of the tectonic history which followed. Such a mechanism 
appears equally applicable to the extensive sediment-filled basins of 
the Slave Craton and the narrow synclinal keels of greenstone in the 


Rhodesian and Transvaal’Cratons. 


‘Controls of Mineral Composition 
The factors which control the composition of minerals 
forming in metamorphic rocks are very numerous. They may operate 
siraultaneously or individually, in similar or opposite senses, on 
some mineral groups or on all. One may modify or even prevent the 
operation of another in certain circumstances, but this does not mean 


that the same priorities will apply in other circumstances. The 


identification cf these factors will be a long and complicated process 
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but a suggested scheme of sub-division has been presented in Part III 
above: In essence it is as follows: 
lL... Permissive ‘Controls 
Energetic (stability fields) 
Crystallographic (required elements available) 
2. Modifying Controls 

Partition Equilibria 

Electrical Neutrality 

Temperature 

Pressure 

Bulk composition 

Modal proportions 

Reaction relationships 

Others 
The Biotite Isograd 

Under some circumstances, at least, the titaniferous 
oxides are essential to the formation of biotite. This may explain the 
common discrepancy between the Ti contents of suggested reactant 
assemblages and the biotite produced. 

Mather (1970) demonstrated that the celadonite content 
of muscovite could produce a bulk compositional control of the grade 
at which biotite was formed. In low-pressure facies series, however, 


the biotite isograds of different rock compositions will occur at very 


similar grades provided that the rocks are mineralogically similar. 


Stoichiometry of Reactions 

In the above studies of both the biotite-forming and the 
Beat tose reactions it became apparent that the minor reac- 
tion products were not always formed in the same amounts relative to 


other products (e.g. Figs. 27 and 35). Rutile, for example, is pre- 


sent in smaller amounts in more biotitic rocks (Fig. 27). One partic- 


ular reaction in a single rock must be governed by stoichiometry but 
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it seems that such reactions differ in detail from one rock to another. 
Thus there is, strictly, not one reaction but a’set of similar reactions 
whose exact nature is determined by the relative amounts of reactant 
phases present. The minor products differ accordingly in relative 
amounts and the major products can apparently differ slightly in com- 


position (Fig. 24). 


Hydrothermal Transport of Gold 
This study provides geological evidence that gold was 


deposited from sulphide complexes rather than chloride complexes. 
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APP ENDI A METHODOLOGY 


MAPPING AND SAMPLING 

Aerial photographs and the published maps of Jolliffe 
(1942 and 1946) give abundant, highly reliable, data on bedding trends, 
dips and way-up determinations. Field mapping was therefore 
designed to check bedding data rather than to trace beds, while giving 
as much information as possible on minor structures. Mapping was 
done on overlays on aerial photographs at a scale of about 1 :. 20,000 
and later transferred to a master sheet on which photograph centres 
were located by the wing-point method. This yields a partially con- 
trolled mosaic. 

On the map the outcrop limits of volcanic and plutonic 
rocks have been taken from Jolliffe's maps, having been checked in 
many localities and modified ina few. All the faults and bedding 
trends were deduced from the aerial photographs and checked on the 
ground. All structural data on the map was derived independently of 
Jolliffe's maps though there is little disagreement between the two. 

Samples. Samples of meta-sediments have been 
collected from about 170 localities in the aureole of the Prosperous 
Lake pluton, giving a sample density of approximately two sample 
localities per sq. km. The locations of all samples on which detailed 
work has been done are given on diagrams in the text. At each samp- 
ling locality a suite of between 2 and 8 samples was collected to 


represent the mineralogical variability at that location. As far as 
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possible representative samples of meta-pelitic and meta-greywacke 
compositions were taken at each point. Samples of quartz veins and 
calc-silicate lenses were also collected at all grades but in rather 
smaller numbers. 

Selection of samples. All collected samples from the 
biotite zone and the lower cordierite zone were studied in thin-section. 
Beiore selection of gamples for detailed’ study all were’ examined for 
weathering and secondary alteration. All weathered samples were 
rejected. Minor localised alteration was unavoidable in some samples 
(see text) because almost every rock in the area has suffered secon- 
dary alteration to some extent. Fortunately this alteration is not per- 
vasive but is commonly localised on fractures and readily recognised 
and avoided. 

Detailed maps. Several geological sketches of small 
areas are given in the.text. These were made by pace-and-compass 


mapping from one or more compass-surveyed base-lines. 


STRUCTURAL METHODS 
The plunges of most of the micro-fold axes were 
measured with an inclinometer and some bedding dips were similarly 
determined. All cleavage dips, however, have been visually estimated. 
Further, the schistosity is weak and most oftet dbs smoothly glaciated. 
Dips of schistosities are therefore only approximate (t10° estimated). 
The fold orientation rose diagrams were constructed 
by marking all fold axial traces on the map, measuring their orienta- 
tion and counting one fold for each axial trace. 


Définition of domains. The boundaries of the structural 
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domains were determined by plotting on a map all the available struc- 
tural data and then delimiting the areas within which the characteristic 
features of the domains had been observed. 

Structural contour diagrams. Once the limits of the 
domains had been determined all the structural data from within each 
domain were plotted on equal area projections and the resultant point 
densities contoured. This was done by a computer programme devel- 
oped in the University of Alberta. This is a sophisticated programme 
described in detail by Ramsden (1970). It determines point density by 
counting points directly on the Teférence hemisphere?) The computer 
counts the points within circles at 333 different locations on the refer- 
ence hemisphere and then prints out the point density values at each 
of the 333 locations on an equal area projection. These values can 
then be manually contoured. The radius of the counting circle is vari- 
able and can be set to any desired fraction of the total hemisphere. In 
this study a one per cent counting circle has been used throughout, 
which tends to emphasise the small-scale density variations in the 
point distribution (Ramsden, 1970). 

Mean vectors. Another programme described by Rams- 
den (1970, p. 204) has been used to determine the mean vector repre- 


senting the observed distribution of linear structures or poles to 


planes. 


PETROGRAPHIC METHODS 
All samples from the biotite zone and the lower cordier- 
ite zone were Studied in thin-section. Samples selected for analytical 


work were also examined in polished section. All the selected 
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samples from the biotite zone were stained for K-feldspar by an HF 
etch followed by immersion in sodium cobaltinitrite. 

Manipulation of petrographic data. For all the 170 
biotite zone samples petrographic data were systematically recorded 
and temporarily stored in a computerised data file which permitted 
selective retrieval and tabulation of the data. The SAFRAS (Self- 
Adaptive Flexible-Format Retrieval And Storage) system was used 
for this purpose. It has been described by Dickie (1972) and in refer- 
ences therein. 

The SAFRAS system is a complex of programmes 
which builds a data storage file from a list of data specifications. 

The system can introduce data into this file, edit it, or selectively 
retrieve data from it.. Once the, system ig operating the user needs 
no detailed understanding.of its operations and no special skills in 
computer language or programming. The data specifications may 
include any item specified by the user and the commands for data 
retrieval are simple. The data may be retrieved in any combinations 
and subject to any chosen conditions. For example, the system might 
be requested to list the sample numbers, metamorphic grade indexes 
and chlorite percentages of all meta-greywackes in which the maxi- 
mum clastic grain-size is less than 0.5 mm. and the biotite content 
is greater than 20 per cent modal. 

Figure Al is a sample petrographic description sheet 
showing the data items specified for each of the thin-sections studied. 
Figure A2 is an example of the type of tabulation which may be 
retrieved from the file. In this case the computer was told to find all 


rocks which had been called meta-pelites and to print out their sample 
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Spec. No. 


70-YK-8-h-6-C 
70-YK-8-4-10-8 
7O-YK-$-5-S-A 
79-YK-8-6-5-B 
70-YK=8=$-1-8 
70-YK-8-S=-2-A 


70-YK-8-8-3-B 
T0-YK-3-8-4-F 
79-YK=8-11-1-B 


70-YK-8-11-5-B8 
ie Vite Sa beds 
DieaVik=5 = 3 l=S<B 
W1-YK-5-31-6-B-2 
TA=YK=S-31-17-A 
71-YK-f-1-2-A 
7T1-YK-6-1-3-B8 
T1-YK-6-1-4-A 
71-YK-6-1-5-A 
71-YK-6-1-6 
T1-YK-6-2-5 
I~ KR=5=2-5 
T1-YK-6-2-6 
1 e=Vites 62 = 6 
71-YK-6-2-6- 
5. 
5 
6 
8 


A 
“Ar 


TI-YK-6-he 
TI-YK-6-h= 
71-YK-6-4- 
71-YK-6-6- 
YONG KANON pare 
71-YK-6-7-6-A 
71-YK-6-9-1-A 
Ti-YK=6-9-3-A 
71-YK-6-9-h-C 
T1-¥K-6-10=2-A 
71-YK-G-10-2-0 
T1-YK-6-10-b-A 
7TL-YK-6-19-6-B 
7/ US Koi ahah N 
TL-YK-6-11-1-A 
7T1-YK-6-11-3-A 
TYHYK=6-T1= TTA 
71-YK-6-11-13-A 
Plait a7 =A 
WV-Y¥K-5-12-2-A 
T1-YK-6-12-4-C 
71“Y¥K-f-12-7-A 
Tl=YVK-G a1 2>3=A 
T1=Y¥K=$-<1 2-016 
TlaVRe b= = 2h 
7l-YK-6-16-1-B 
71-YK-6-165-2-4 
71-YK-6-16-4-B 
71-Y¥K-6-16-5-A 
71-YK-6-16-7-A 
71-YK-6-16-9-B 
7T1-YK-6-15-10-A 


FIGURE A-2 


Mineral Relations (1) 


CHL-BIOT-INTERLVD-OF TEN 


MAYBE -2-SIZE-GENS-BIOT 
POIK-BIOT 
BIOT-KNKS-RELN-UNCRTN 
BIOT-CHL-INTERLVD 

OPA QS-OFN-ASSOC-W-BIOT 

MOS T-BI-IM-QTZESP-EYES 
BIOT-<INTERLVD—-W=- CHL 
BI-OFN-CONC-RND-H1G-POLYXT-EYES 
CHLABIL-INTERLVN+OFA AS+BI-ASSOC 
CHLR-QUTS-BI 

EXBRIOT-KSMH RtOFN-OMA OS-IN-EYES 
BI+OZFSP+POLYGRA N-OTA QS-FYES 


OPA OS-CHLE-AMND-OR-BI-IN-EVES 
OFA N-SURHED-ENCL-IN-BIOT-CLOTS 
POLYXT=QZFSP-EYES <-Bt 

BI+O*%N OS-OFIN-ASSOC-IMN-EYES 
NO-FEYES-O% Q-AGKS -1t!-B1=-CLSTRS 
EYES <W-QZ2FSO-tNECL=IN-BI 


EYES-OF-BI+HMG-OZFSP 

POLYX T-92 -B LOCKS = 2MM-W-SM=BI 
QZESP=CHiLB = BNO R=OR AS =ttit=— YES 
SOMNP= POLY CI-OZESP=B LO GKS 
BI=POTKS=REPU-BY-=CHEC+FO PQS 

OMA QS+BI-PORPHS- CUT-PHYLL-FOLN 


A-FEW-SPRA YS-OF-MG-CHL 


POLYXT-QZFSP-EYES-W=-CHLA +KSFA R 
Bi-COMC-REUD-QZFSP=-CHL-OPO-EYES 
POLYXT-QZESP=FYES-W=BIe CHE 
BI+OPV OS-QUT-PHYLL-FOLM 
A-FEW-QZFSP-EYES-NO-BIOT 

OPA OS -ARE-MIXED=-W=-SUROF OS 
KSA R-TN-FRA CS+RUD= CHLD=<BI 
MIXED-OPA 9S+SUBOP\ OS-IN-SUBHED 
SOME-BIOTS-CUT-PHYLL-FOLH 


BI-POIKS-OFN--HG-QZFSP 
EYES -OF-EX8INT4MNG-QZFSP+0PN 
QNZESP-LFEMSES -VI-HARG-BI 
SM-EYES -OF-QZFSPHEXBINT 
SOME-BIOTS-CUT-FOLH 
SM-ALGUMEMNT-OF-BI-IMN-PHYLL-FOL 
MANY -MG-QZFSP-BI-EYES 
CHL-ITMTEPLVDN-W-BIOT 
RI-POIKS-ASSOCHVM-HG-QZESP 
POTKS-OFH-TCL-OPAS 
SUBNPOS+B1-SMTMS -ASSOC 
CHL+B1-INTERLVD 

ENUA RGED-QZFSPS-NR-BIOTS 


Mineral Relations (2) 


BIOT-CHLB-INTERLVD 


BIOT+#OP\ OS-OFN-ASSOC 

BIOT-U TER=-TINN-SHE RS 

NPA N-DUS T-CONCHIN-EYES 

OPA -SUBHED-M YRE-ASSOC-W-BIOT 
OPA N-FLKS-OFN-LIE-IN-FOLUN 
CHL+PHENG-DEPLETED-RND-BI 


CARR-IM-ONE-FYE 
BI+CHL-INTERLYD 


BIOT-ALGND-PA R-TO-PHYLL-FOLN 
SIM LL-EYES-!1-POLYGRAN-OMOS+B!I 
SOME-QZFSP-EYES=-LA CK-OF4 QS 

NPY OS+SUROPQS-TGTHER=-IN-SUBHED 
QZFSP-IM-EYES-CM RSER- THN-NTRX 


BI=POIKS-COMPRESS-PHYLL-FOLN 
GRA N-SUROPA QS-IN-BI-CLUSTERS 
BI+CHLB-ItTERLYD 

OPA Q-SUBHED-CUT-PHYLL-FOLN 
EXBI-PORPHS-SPREA D=PHYLL-FOLN 
QZFSP-RICH-AREA S-RND-BI 


ONE-BED-I\ S-Q2-CHL-KSPA R-EYES 


SM-EYES-HY-OP\ QS-OR-PHENG 
OPQS-tN-SOME-EYES-ONLY 

SUBOPA QS-IN-SM-EYES-A LSO-OPA QS 
BI-POTKS-OFM-INCL-OA QS 
NO-FEYES-OR-DEPLN-RIMNS-RND-EXBI 
KSPA R= CONC-RID-OFA QS+4 LTD-B81 


OPA OS-ItCL-IN-SOME-BIOTS 
4K -FFU-HG-CHLS 


SH=-EYES-OF -QZFSP+9PQS 
SM-EVES-HVY-OPFA 9S 
SH-FEYES-HV-OM 9S 

OF Q-FLKS-IM-FOLN 

MHY <M -QZFSP-BI-EYES-St-W-OPRQS 
FEW-QZFSP-OPO-EYES-SM--BI 
SN-BIOTS-CUT=FOLT! 

SM-BIOTS -HV-MINOR-OAQ 
NO-MG-QZFSP-ASSOC-M-BI 
WK-DEY-MG-QZFS°-RIND-BIl+SUBOPQS 
LARGE -OPNS-St=- th TE 
MG-QZFSP-ESP-RUD-XCUTTING-BI 


: Sample output table from the SAFRAS data storage system. 
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numbers, grade indexes and all information recorded on textural rela- 
tions*of the minerals. 

Because of the nature of this particular rock suite the 
data file has not been used a its full potential in this study. Fora 
larger and more varied suite of rocks this approach offers great 
opportunity for reducing the subjectivity of petrographic surveys and 
for rapid and accurate manipulation of large amounts of petrographic 
and analytical information. Although the subjectivity of individual 
thin-section descriptions is not reduced, that of generalised descrip- 
tions and conclusions is improved because the tables of observations 
are so convenient for surveying features of the rocks. 

Modal analyses. The small grain-size, inequigranular 
texture and variable foliation of these rocks prohibits great accuracy 
in the modal analyses. Overall accuracy of about EEO per cent is 
probably the best that can be claimed for the modal data. Procedure 
in making the analyses was as follows. A test sequence was first 
carried out on two rocks. In these, modal percentages were deter- 
mined successively from 300, 500, 800 and 1,000 counted points. No 
significant changes occurred beyond 500 points and this number was 
adopted as standard. Later another 300 points were counted on second 
thin-sections of the same rocks with the counting grid oriented at right 
angles (relative to the schistosity) to that of the first determination. 
There were commonly considerable differences between these two 
modal determinations. The values given in Table 12 are the averages 
of the two analyses. 

In these analyses all oxide and sulphide phases were 


counted together as 'opaque minerals'. Relative amounts of the 
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different opaque phases were determined in polished sections as 
follows. The oxide and sulphide grains in one field of view were 
identified and counted. The sample was advanced 1mm. using a 
mechanical stage and the wedc cate repeated on the new field of view. 
In this way a total of 200 grains were identified and counted in each 
sample. The relative numbers of each species were expressed as 
percentages. The modal percentages of each opaque mineral was 
then determined by multiplying the total 'opaque mineral! mode by the 


number percentage of each species. 


ROCK ANALYSES 

The rocks were analysed using an A.R.L. (EMX) micro- 
probe and a modification of the method of Gulson and Lovering (1968). 
Rock powders were fused with lithium tetraborate, lithium carbonate, 
lanthanum oxide and ammonium nitrate as described by Norrish and 
Chappell (1967). The molten mixtures were poured into a shallow, 
flat-bottomed Pt-Au dish and allowed to freeze between two asbestos 
sheets on a hot-plate. This produced a clear glass (fractured into two 
or three pieces) which could be removed from the dish by gentle tap- 
ping. Very brief polishing of this glass on one micron diamond paste 
produced a large, well polished surface. The polished glass was 
then attached to the underside of metal washers for mounting in the 
micro-probe. This technique of casting and mounting the samples 
avoids the difficulties of casting perfect glass discs and provides a 
large, perfectly polished surface for analysis without ever bringing 
the glasses into contact with water. 

Homogeneity of the glasses was generally entirely ade- 


quate for analysis and the use of a defocussed beam moved rapidly 
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across a large surface served to average out inhomogeneities. Two 
sources of inhomogeneity were noted. (1) Three of the 24 glasses 
produced (P-4, P-12 and AGV-1) contained small areas in which a 
few tiny crystals paeorene, These crystals were Al-rich and were 
possibly sillimanite. They probably resulted from excessively slow 
cooling of the glass on the hot-plate and it is recommended that this 
step in the casting procedure be eliminated or minimised. The pro- 
portion of these crystals is volumetrically very small and areas con- 
taining them were avoided in the analyses. (2) In one sample (P-14) 
a small area, exactly like the surrounding glass in appearance, was 
found to be very low in Fe.» No reason for this is Known. 

Oxide concentrations were determined using calibration 
curves. These were made up from the international geochemical stan- 
dards W-1, G-2, BCR-1 and AGV-1 (Fleischer, 1969; Flanagan, 1969) 
and the standard albite NBS-99a (National Bureau of Standards, 1970). 
As noted above ie AGVAl glass contained some crystals and in 
several instances it gave points plotting off the curves defined by the 
other standards. It has therefore been rejected as a standard. Data 
from these four standards were augmented, where an extension of 
range or another point was required, by the standard peridotite PCC-1l 
(Flanagan, 1969) and an analysed Fe-rich biotite. Since this method 
is not widely used the calibration curves are included here as Fig. A3 
to illustrate the linearity attainable. All the curves are linear within 
the range used but there is some curvature in the FeO calibration plot. 
This curve indicates a deaeaee of sensitivity at higher FeO concen- 
trations and the reason for this is not known. Fortunately the curve 


is linear in the range used. 
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Water and volatile contents of the rocks have been 
determined roughly in two ways -- by a 'loss on ignition' determina- 
tion and by calculation from the point-counted modes using assumed 
water contents for the hydrous minerals. The two sets of results 
agree sufficiently to indicate that oxidation during ignition was not a 
major factor and the loss on ignition values have been accepted for 
table Z. 

FeO concentrations were determined by titration against 
standard KMnOy and Fe,02 by subtraction of FeO from the total Fe 
EP icemnitedl 

Quality of the rock analyses. The resultant analyses 
(Table 2) are entirely comparable with published analyses of rocks 
from the sameFormation (Boyle, 1961; Henderson, 1972) and the 
linearity of the calibration curves suggests that the analyses are 
acceptable. Table Al gives estimates of precision. Without an accur- 
ate water determination the totals are a dubious test of analytical qual- 
ity but two analyses have been rejected for having unacceptably high 
totals. One of these (P-4, totalling 102.3 per cent) contained a few 
ery Stals|in the glass; the other (P+10) totalled 103.9 per) cent*but 
there is no known reason for this. 

Time. Once the technique has been perfected this is a 
fairly rapid analytical method. Sample preparation, analysis and 
computation of 16 analyses using 7 standards and one blank took the 
author a little over 6 days. This could certainly be improved with 
practice. 

Conclusion, Provided adequate care is taken to ensure 


the absence of crystals in the glasses this is a fairly rapid and 
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TABLE Al: Precision estimates for the whole-rock analyses 


given imt.a ble. Z. 


Oxide *Statistical counting Precision suggested| Replicate 


error (99% confidence) by scatter on analyses 


calibration curves 


(Wt. % oxide) 
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satisfactorily accurate method of making rock analyses (see also Gul- 
son and Lovering, 1968; Reed, 1970). There was apparently no diffi- 
culty with loss of alkalis on fusion. The above technique could be 
improved by more rapid Hesik ee of the glasses followed by regrinding 
and re-casting and by using standards containing approximately the 


same amount of water as the samples. 


MINERAL ANALYSES 

The mineral analyses were performed using the A.R.L. 
(EM X) micro-probe. Oxide concentrations were determined by com- 
parison with silicate standards after corrections for background, 
fluorescence, absorption and atomic number effects according to 
Smith and Tomlinson (1970). For the purpose of these corrections the 
oxygen concentration was assumed to be equal to the difference 
between 100 per cent and the sum of the analysed elements. Ferrous: 
ferric ratios were determined on two biotite separates (by KMnO4 


titration) but it proved impossible to isolate either chlorite or mus- 


covite. 
The following operating conditions were used during the 
analyses: 
Lines Kaiphall, a) 
Beam size Ca. hamicron 


Operating voltage 
Beam current 
Emission current 


Take-off angle 


LS KV. 
0.1 microamps 
200 microamps 


Doe 


A suite of 10 standards was selected and 


checked for homogeneity and composition (by 'cross-analysis') before 
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TABLE A-2 : Standards used in the micro-probe analyses. 


(1) Biotite Zone : Tables 4, 6, 8, 10 and ll. 


Name of Standard 
(U. of A. Number) 


Mineral Source or Reference 


Biotite 
Micas and Biotite l Crown Point, Adirondacks Fe, Ti 
chlorite (EPS/12-1) I.S.E. Carmichael (unpubl. ) 
Biotite 3 Univ. of California (Berkley)| Si, Mg, 
(EPS/12-2) No. 15724a Al, K& 
Kakanui Kaersutite Mason (1968) Na, Ca 
White et al. (1972) 
Garnet 12442 Gore Mountain (Adiron- Mn 
dacks). Loomis (unpubl. ) 
E Mn-cummingtonite 4 Klein (1964) - 
Rucklidge et al., (1971) 
Feldspars Anorthoclase 5748 Smith & Ribbe (1966) Na, K 
Angg glass Ribbe & Smith (1966) Ga 
Oxides L4-175 Magnetite Anderson (1968) Fe, Al 
E Mn-cummingtonite 4 As above Si, Mn, 
Mg 
Odegaarden Ilmenite of A. files Ti 


(EPM/92) 


(2) Cordierite Zone : Tables 11, 14 and 15. 


All Biotite 1 As above 


Silicates (EPS/12-1) 
Biotite 3 As above Si, Mg, 
(EPS/ 12-2) Mn, K 
Kakanui Kaersutite As above Garina 


Hohenfels Sanidine . of A, files 


(EPM/82 and 83) 


L4-175 Magnetite above 


Odegaarden Ilmenite As above 
(EPM/92) 
E Mn-cummingtonite 4 As above 


K13-131.8 Ilmenite 


Anderson (1968) 


Elements 


Chlorite 
Be, 21; 

Al 

Si, Mg, 

Mn 

Nar Gab 
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Muscovite 


Fe, Ti 


Si, FAle Ke, 
Na 


Mg, Mn, 
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use. Thereafter standards were only used for those elements for 
which they displayed acceptable homogeneity and agreement in cross- 
analysis. Many were found to be inhomogeneous and to cross-check 
only within broad limits. 

Table A2\lists the standards used. The great majority 
of the analyses, including all those where precision is critical, have 
been based on, the standards WPS/I2-1e see s/i2-2. and Kakanui Kaer- 
sutitee These three were sélected irony the mitial ctandard suite and 
cross-analysed (Table A3). Their homogeneity was numerically tested 
(Notes with Table A3). With these three analyses and the homogeneity 
data it was possible to select 'reliable elements' by the following 
criteria: (1) The three analyses gave eiiectively the same values for 
that element. (2) No significant inhomogeneity was detected for that 
element. (3) When used as a standard in analysis of the other two 
minerals, that element gave values close to the known concentrations. 
Dhese selection eee are thought to have supplied-a reliable stan- 
dard suité: 

Of the other standards (Table AZ) the Odegaarden 
Ilmenite and the Hohenfels Sanidine have been carefully checked in the 
U. of A. micro-probe laboratory and their analyses were accepted. 
Garnet 12442 was checked and Mn found satisfactory. The Anderson 
Ilmenite and Magnetite, the Anorthoclase and the An(60) glass were 
accepted on recommendation of Dr. T. O. Frisch. The Mn- 
cummingtonite is inhomogeneous but has only been used for elements 
with much lower concentrations than in the standard. 

Sample damage. The biotites, muscovites and chlor- 


ites were checked for sample damage in the electron beam by taking 
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Notes to Accompany Table A3 


(1) 


(3) 


Pairs or triplets of counts were taken at each of several locations 
on the grain(s). Each set was averaged. The detected inhomo- 
geneity is the range of these sets expressed as a percentage devi- 
ation from the overall mean. The allowed inhomogeneity is the 
statistical counting error (at 99 per cent confidence) for the num- 
ber of counts in each set. If the detected inhomogeneity is greater 
than the allowed,the standard is inhomogeneous with respect to 
that element. 

"Reliable elements' are those which may be reliably used as stan- 
dards. See text for selection criteria. 

The suggested optimum analysis is only different from the origi- 
nal determination if the two new determinations differ consistently 
and significantly from the original. 

Similar results were obtained in an independent check by Dr. 


TO ri rasechs 


TABLE A3 : Data on the three principal standards used in the micro-probe analyses 
(in wt. % of each element). 


(1) Biotite No. 1 (EPS/12-1) 


Element Original 
Analysis 


Cross-Analysis Homogeneity(?) Reliable(2) Suggested(3) 


Elements | Optimum 
Detected(%) | Allowed(%) 
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(1)-(4) See accompanying notes. 


Bracketed values appear distinctly different from the other determinations and are therefore suspect. 
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ten successive 20-second counts on the same spot. The biotites and 
chlorites were unaffected but the muscovites displayed marked K 
losses. 

Precisiom The principal errors in the biotite and 
most chlorite analyses probably derive from uncertainties in the stan- 
dard composition (eliminated as much as possible above) and the 
statistical counting error. The muscovites (and some chlorites), 
however, are very fine-grained, leading to some difficulty in per- 
forming the analyses and introducing the possibility of random errors. 
Further, the muscovite analyses were problematical because ofa 
marked tendency to lose K under the electron beam. Therefore some 
empirical test of precision is required and replicate analyses have 
been performed for this purpose (Table A4). This table also attempts 
to evaluate accuracy by presenting some determinations against diff- 
erent standards. 

The precision of the analyses may therefore be judged 
from Table A4, but a graphical approximation of the uncertainties 
involved igs¢given in the form OMaverage error bargin Figs. 19, 20 
and 22, derived as follows. For small numbers of determinations the 
standard deviation is approximated by the range. Thus for each repli- 
cate set the coefficient of variability was calculated according to the 
formula 

Coeff. of variation (V)% = 100 x Range 

Mean 
(Calder, 1971). The average coefficient of variation for each element 


was used as a measure of the uncertainty for that element. For Si and 
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Al, which were not replicated, the coefficient of variability was taken 
We tbe statistical counting error at-J9 per Ccent*contidence’, “These 
coefficients of variability were propagated through the structural for- 
mulae calculations of average minerals to derive the average error 
Mare shown in the figures. Thé error bars are large for the a 
values because they are the sum of the uncertainties in both Si and Al 


determinations. 


FLUID INCLUSIONS 


Petrographic examination. The inclusions were first 


examined in grain mounts at high magnification with a good micro- 
acope. 


Homogenisation studies. Heating determinations were 


a ne ease 


carried out on doubly polished slabs of quartz about 1.0-1.5 mm. in 
thickness. They were heated ina Leitz 350 heating stage capable of 
attaining about 350° C. 

Initially temperature determinations peice attempted 
using a Pt-resistance thermometer calibrated to great accuracy. It 
transpired, however, that the resistance probe was the wrong shape 


for the receptacle in the stage and this led to excessive thermal lags 


(approaching 20° C. at 2709 C.). The method was therefore discarded 


but it is to be recommended for accuracy and convenience if the cor- 


rect probe is available. 


Temperature measurements were therefore made using 


mercury-in-glass thermometers. Calibration by melting sodiurn 
nitrite indicated that the lag is only about 2° C. at 270° C. (see also 


Folinsbee et al., 1972). The lower-range thermometers were not 
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exactly the correct shape for the receptacle and were found’ to read 
between 5-10° C. low at their upper limit of 230° C despite various 
attempts to remedy this leg. The temperature measurements are not 
therefore particularly accurate and an uncertainty of TMT Oo Gis 
estimated. 

The heating stage was mounted on a Leitz SM Pol 
microscope with long focal-length objectives. The maximum magni- 
fication of this system is sufficient only for viewing the largest inclu- 
sions present and the illumination is poor. This adds to the inaccur~- 
acy of the determinations. 

The rate of temperature increase was determined at 
different heating currents. It was then possible to maintain a steady 
temperature increase of about 10-12° C./minute by adjusting the rheo- 


stat as temperature increased. 
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U 114° 10° 


PROSPEROUS 


ors 


= 
414° 05! + 


Alluvial cover — little 
or no outcrop 


Diabase & gabbro. 


Granitic plutonic 
Tocks, 


Mixed rocks of various 
A types (observed, inferred). 


——--==?-?— {|THOLOGICAL BOUNDARY 
concealed or inferred 
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“mapped 


Aerial photograph centre 


Road 


BEDDING 
—— —- -» + Inclined, vertical, dip 
aig unknown, overturned, 
Warped. 
CLEAVAGE : Type’A 
D> 2 2 Inclined, vertical, 


dip unknown. 


:Type B’ 
SZ &  ~ Inclined, vertical, 


dip unknown. 
LINEATIONS 
—7 «7  Micro-lolds (plunging, horiz.) 
Multiple minor folds 


Minor fold showing 
plunge & closure 


Minor isoclinal fold 
Minor fold (plunge unknown) 


Plunge of major fold axis 


ey ana E 


GREAT SLAVE 
LAKE 


Uranium 
City 


ATHABASCA 


Walsh Fm. (Thinly 
bedded metamorphosed 
mudstones & greywackes 
Burwaosh Fm. (Metamorph- 
-osed mudstones and 
greywackes 

Duck Fron. {Metamorphosed 
rocks 


intermediate volcanic 


Acid or intermediate dyke 
Or major pegmatite (with dip). 


Established, approximate, 


BEDDING TRENDS 
Mapped on the ground 
SS=S25 From aerial photos 


Speculative 


FAULTS 
muvuuy Established 


Approximate 


Possible 


Minor 


Shear zone. 


ALTERATION : 
Chloritisation, minor 
hematite staining & 


strong weak some quartz veinlets. 


Rarely silica orf sulph- 
-ide is abundant 


PROSPEROUS LAKE-DUCK LAKE AREA 


DISTRICT OF MACKENZIE, N.W.T. 


STRUCTURABSBEOLOGY 


Map to accompany thesis by C.R.Ramsay, University of 


Ramsay in 1971 with lithological boundaries slightly modified 
1946) and Henderson (1970). 
vertical aerial photographs. 
were obtained independently so 


Declination - $22 East. All 
that this and Jolliffe’s maps 


Alberta, 
after Jolliffe (1942 and 


1973 Mapping by 


Cartography based on a partially controlled mosaic of 
the structural data shown 


are complementary. 
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